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A new two-phase BaTiOs : Lag 7Sro.sMnOz nanocomposite system with a molar ratio of 8 : 2 has been
grown on single crystal SrTiOs (001) substrates using a one-step pulsed laser deposition technique.
Vertically aligned nanocomposite thin films with ultra-thin Lag 7Sro sMnO3 pillars embedded in the BaTiOs
matrix have been obtained and the geometry of the pillars varies with deposition frequency. The room
temperature multiferroic  properties, including ferromagnetism and ferroelectricity, have been
demonstrated. Anisotropic ferromagnetism and dielectric constants have been observed, which can be
tuned by deposition frequencies. The tunable anisotropic optical properties originated from the
conducting pillars in the dielectric matrix structure, which cause different electron transport paths. In
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Introduction

As opposed to the perfect symmetry orders, anisotropic func-
tional oxides, whose electrical, magnetic, or optical properties
show directional dependence, have attracted intensive research
interest."® Anisotropic oxides are the ideal candidates for many
applications. For example, anisotropic optical thin films can be
used in optical devices that operate with polarized light.”
Among all the anisotropic photonic materials, hyperbolic met-
amaterials have become an active research topic due to their
application in imaging®* and engineering."™** In hyperbolic
metamaterials, metals and dielectrics are artificially arranged to
form multilayered™* or nanowire arrays (metal) in the matrix
(dielectric)*® structure. In both structures, the materials show
metallic behavior in one direction and dielectric behavior in the
other. The big difference between the electric structures of
metals and dielectrics is the origin of hyperbolic dispersion and
extreme anisotropic optical properties. For instance, in hyper-
bolic metamaterials, the dielectric constants in different
orientations have opposite signs, i.e. ¢ x ¢, < 0. It has also
been proved that hyperbolic dispersion can be observed in the
multilayered structure by using a highly doped semiconductor
as the metallic layer.®

“School of Materials Engineering, Purdue University, West Lafayette, IN 47907, USA.
E-mail: hwang00@purdue.edu

School of Electrical and Computer Engineering, Purdue University, West Lafayette, IN
47907, USA

T Electronic  supplementary
10.1039/d0na00232a

information  (ESI) available. See DOL

3276 | Nanoscale Adv, 2020, 2, 3276-3283

anisotropic system has shown its great potentials towards multiferroics and non-linear optics.

Vertically aligned nanocomposites (VANs) have a unique
structure for introducing anisotropy into the thin films. In
VANSs, two immiscible materials can form a two-phase system
with either pillar-pillar or pillar in matrix structures. The use of
the vertically aligned pillars can result in a large amount of
phase boundaries, which can generate strong strain coupling
perpendicular to the film surface. This vertical strain tuning is
unique and cannot be observed in layered thin films, which only
generate horizontal strain, and can help achieve anisotropic
properties that are tunable with the dimension, density or
shape of the pillars.””* Metal pillars in oxide matrix VAN
structures have been reported and an hyperbolic response has
been found in such systems.”***

Inspired by the research on hyperbolic metamaterials, we
have designed a VAN system composed of BaTiO; (BTO) and
Lay ;S193MnO;3; (LSMO) to achieve anisotropic optical proper-
ties. These two materials were selected for the following
reasons: first, both BTO and LSMO are commonly studied
materials that could be grown on SrTiO; (STO) substrates (due
to the small lattice mismatch with STO) for VAN integration.
Second, BTO is a dielectric material while LSMO is a conducting
material that can be used as bottom electrodes. By forming
a conducting LSMO pillar in the dielectric BTO matrix structure,
we expect to see more conducting response in the out-of-plane
(OP) direction, which could generate anisotropic optical prop-
erties. Third, as BTO and LSMO are reported as room temper-
ature ferroelectric and ferromagnetic materials,”*>* room
temperature multiferroism can be obtained by their combina-
tion. A similar approach has been applied for other VAN
systems.”*® In this work, two deposition frequencies of 2 Hz
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and 10 Hz were utilized for tuning the microstructure of the
films, ie. thinner pillars can be obtained by increasing the
deposition frequency. The schematic drawing of such designed
microstructure change is shown in the top portion of Fig. 1(a).
Detailed property measurements have been conducted to
demonstrate the anisotropic properties of the BTO : LSMO thin
films. The great potential of integrating oxide-oxide VAN thin
films with enhanced anisotropic optical properties for optical
devices has been proven in this work.

Experimental

The BTO : LSMO target with an 8 : 2 atomic ratio was prepared
by a conventional solid-state sintering method. BaTiOj;, La,0O3,
SrCO; and MnO,, powders were mixed according to the atomic
percentage of elements in the composite target. The nano-
composite thin films were deposited onto the STO (001)
substrates by the pulsed laser deposition (PLD) technique.
During the deposition, the substrates were kept at 750 °C in
a 200 mTorr oxygen atmosphere, while a laser with an energy of
420 m] (laser fluence ~5 J cm™?) was shot onto the targets for
3000 pulses. For all the films, the target to substrate distances
were maintained at 4.5 cm. After the deposition, the films were
cooled down in a 200 Torr oxygen atmosphere to room
temperature at a rate of 10 °C min™~". For the samples that need
the electrical property test, a thin layer of STRuO; buffer was first
deposited onto the substrate as the bottom electrode. The
crystallinity of the as-deposited films was checked by X-ray
diffraction (XRD, PANalytical Empyrean). Transmittance elec-
tron microscopy (TEM, Thermo Scientific TALOS F200X) was
utilized for more detailed microstructure examination. The
piezoelectric response was investigated using a piezoresponse
force microscope (PFM) embedded in an atomic force micro-
scope (AFM, Bruker Dimension Icon). The magnetic response
was examined using a magnetic property measurement system
(MPMS, Quantum Design MPMS-3). During the measurements,
the magnetic fields were applied either parallel (in-plane, or IP
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as abbreviation) or vertical to the film surface (out-of-plane, or
OP as abbreviation). The real dielectric constants were obtained
from the ellipsometry results obtained from an RC2 spectro-
scopic ellipsometer (J.A. Woollam Company). The fitting
process was conducted using the Spline or Gen-Osc models in
the software from the same company (CompleteEase, J.A.
Woollam Company). The transmittance (T%) spectra were ob-
tained using a spectrophotometer (Lambda 1050 UV/Vis
spectrophotometer).

Results and discussion

After deposition, the crystallinity of the as-deposited films was
investigated by XRD. Fig. 1(b) shows the normalized §-26 XRD
patterns of the BTO : LSMO thin films deposited at 2 Hz and
10 Hz, respectively. From the XRD patterns, clear BTO (00/) and
LSMO (00!) diffraction peaks can be observed, indicating their
preferential growth along the OP direction and the separation of
the BTO and LSMO peaks demonstrates that these two mate-
rials have formed two different phases. Lower intensity of the
LSMO peaks might originate from the lower atomic percentage
of LSMO (20%) compared with the BTO phase (80%) as well as
the size effect where the films have ultra-thin LSMO pillars
embedded in the BTO matrix, as demonstrated in the later part.
The OP lattice parameters of the BTO and LSMO phases can be
calculated using the Bragg's law, which are 4.09 A for BTO and
4.02 A for LSMO in the 2 Hz sample. These two values are larger
than the OP lattice parameters of their bulk states (4.04 A for
BTO and 3.87 A for LSMO, marked by the dashed lines in
Fig. 1(b)). The same directional change (both increase) of the OP
lattice parameters can be explained by the matching BTO,
LSMO and STO lattices, as shown in the bottom part of Fig. 1(a).
As BTO has a larger IP lattice parameter than STO, compressive
strain is generated in the BTO lattices in the IP direction, which
enlarges its d-spacing in the OP direction. However, as
demonstrated later in the TEM discussion, the LSMO phase has
formed vertically aligned pillars with very small diameters,
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(a) Designed 3D schematic drawing of the: BTO : LSMO VAN thin films deposited at 2 Hz and 10 Hz (top); lattice parameters of BTO, LSMO

and STO before and after the matching (bottom). (b) §—26 XRD scans of BTO : LSMO thin films deposited at 2 Hz and 10 Hz. The green and
orange dashed lines indicate the (002) peak positions of the bulk BTO and LSMO, respectively.
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which significantly decreases the area attached to the substrate
and thus limits the strain tuning effect from the substrate. On
the contrary, the huge amount of phase boundaries generated
by the thin LSMO pillars enhances the tuning effect from the
BTO matrix. As a result, the coupling between the BTO and
LSMO lattices has become the major tuning factor for LSMO
lattices. As the BTO lattice has a larger OP lattice parameter
(could be even larger after matching with STO), a tensile strain
of 3.87% is generated in the LSMO phase, which elongates the
lattice of LSMO along the OP direction to a degree close to that
of BTO. No obvious peak shift has been observed as the depo-
sition frequency changes, which might result from the similar
pillar dimensions in the films, as demonstrated in the following
TEM analysis.

In addition to the XRD scans, TEM was conducted to further
understand the microstructure of the BTO : LSMO thin films.
The film thicknesses of the 2 Hz and 10 Hz samples were

NPTy
o ool
b

BTO:LSMO

Fig. 2

View Article Online

Paper

determined to be 90.6 and 117.6 nm, respectively. Fig. 2(a)
shows the low-magnification cross-sectional TEM image of the
BTO : LSMO thin film deposited at 2 Hz. From the image, it can
be observed that the black LSMO pillars are vertically aligned
and embedded in the grey BTO matrix, which demonstrates the
VAN structure of the BTO : LSMO thin films. The dark cloud-like
shadows in the image are possibly generated by the re-
deposition of atoms during the TEM sample preparation
process. The selected area electron diffraction (SAED) pattern
was obtained to demonstrate the orientation relationship of the
BTO and LSMO phases as well as the STO substrate, as shown in
Fig. 2(b). Only the (00/) diffraction dots can be observed along
the OP direction, which agrees with the XRD results and indi-
cates the highly textured quality of the BTO : LSMO films. In
addition, a matching relationship of (001)gro//(001)ismo//
(001)sro and [010]gro//[010]1sm0//[010]sto can be determined
from the SAED pattern, which proves the cube on cube growth

(b)

(a) Cross-sectional TEM image of the 2 Hz BTO : LSMO thin film on STO substrate. (b) SAED pattern of the film and substrate. The inset

shows an enlarged image close to the (033) dots with clear diffraction dot separation. Cross-sectional (c) STEM and (d) HRSTEM images of the
2 Hz BTO : LSMO nanocomposite. The letters B and L indicate the BTO matrix and LSMO pillars, respectively, while the red dashed lines indicate

the phase boundaries.
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(a) The room temperature magnetic hysteresis loops of the 2 Hz BTO : LSMO thin film with the magnetic field applied in both IP and OP

directions. The top inset demonstrates the direction of the applied magnetic field and the bottom inset shows the enlarged magnetic hysteresis
loops close to the original point. (b) The room temperature PFM phase image of the 2 Hz BTO : LSMO thin film with the writing and rewriting tip

bias of +10 V and —10 V.

mechanism of the films. The inset in the image shows an
enlarged SAED pattern of the (033) diffraction dots, where
separate dots for BTO, LSMO and STO lattices can be observed,
which are merged together when they are close to the original
point. Fig. 2(c) shows the scanning transmission electron
microscopy (STEM) image of the same sample, where clear
LSMO npillars with bright contrast (due to a higher atomic
number) are grown perpendicular to the substrate surface.
Similar to the TEM image, a re-deposition area can be noticed at
the bottom left corner of the image. A high-resolution STEM
(HRSTEM) image of the selected area (marked in the yellow
square) is shown in Fig. 2(d), where the LSMO pillars and BTO
matrix are marked as L and B, respectively. From the HRSTEM
image, it can be noted that the LSMO pillars marked with the
yellow arrows have ultra-thin diameters of around six unit cells.
A large amount of the phase boundary area can be induced by
the tiny diameters of the LSMO pillars, which would signifi-
cantly increase the strain coupling effect between the BTO and
LSMO phases along the OP direction. Other pillars without the
marks are thinner and lighter than the marked ones, indicating
that those pillars are not aligned in the same plane and thus are
partially covered by the BTO matrix. Fig. S11 shows the energy-
dispersive X-ray spectra (EDS) mapping of the film, where Ti and
Mn atoms are marked in yellow and blue, respectively. The EDS
mapping confirms the presence of the LSMO pillar in the BTO
matrix structure, however, the resolution is relatively low and
only a few of the pillars can be observed (marked with red
arrows) due to the fine pillar dimension.

The microstructure of the 10 Hz sample was also examined
by STEM, as plotted in Fig. S2.1 Overall, the film also has the
LSMO pillar in the BTO matrix structure with a pillar width of
around five unit cells. However, unlike the 2 Hz sample, which
has the continuous LSMO pillars from the bottom to the top,
some of the pillars inside the 10 Hz sample are discontinuous.
This phenomenon can be explained by the diffusion of the
adatoms during the deposition, which can be expressed as the
following equation: L = 21/Dt, where L is the diffusion length of
the adatoms, D is the diffusion coefficient and 7 is the diffusion

This journal is © The Royal Society of Chemistry 2020

time. As the deposition frequency increases from 2 Hz to 10 Hz,
the diffusion time (time between the laser pulses) of the ada-
toms is limited, which generally will cause smaller nucleation
islands and decrease the dimension of the pillars grown by
those islands, as shown in the top panel of Fig. 1(a).?>*°
However, in this work, as the 2 Hz sample already has ultra-thin
pillars that are grown from the tiny nucleation islands, the
decreased diffusion time cannot further decrease the dimen-
sion of the nucleation islands and the pillar width due to the
surface energy. Instead, as the IP diffusion of the adatoms is
limited, there is not enough time for the add-on LSMO atoms to
move and lie on top of the pre-deposited LSMO atoms to form
continuous straight pillars. As a result, some of the LSMO
pillars are discontinuous or misaligned, as shown in Fig. S2(b).f

The ferromagnetic response of the BTO : LSMO thin films
was measured using a MPMS. Fig. 3(a) shows the ferromagnetic
hysteresis loops of a BTO : LSMO film deposited at 2 Hz, with
the magnetic field applied parallel and perpendicular to the
substrate surface (the magnetic field direction and enlarged
hysteresis loops at the original point are illustrated in the inset).
It is obvious that the BTO : LSMO nanocomposite shows a room
temperature ferromagnetic response, even though this
response is relatively weak as a result of the low concentration
of LSMO (20%). The coercive fields in both directions are rela-
tively weak, indicating a soft ferromagnetic nature of the film.
Besides, the ferromagnetic response also shows IP anisotropy,
and a stronger magnetic response in the IP direction than the
OP direction can be observed. Similar anisotropic results can be

Table 1 Magnetization of LSMO and BTO : LSMO thin films at 5000
Oe with different measurement orientations

Magnetization BTO : LSMO BTO : LSMO
at 5000 Oe LSMO (2 Hz) (10 Hz)

Mip 316.44 15.29 9.52

Mop 7.01 1.54 1.70
Mpp/Mop 45.14 9.93 5.60

Nanoscale Adv., 2020, 2, 3276-3283 | 3279
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observed in the 10 Hz and pure LSMO thin films, which are
plotted in Fig. S3.1 Table 1 summarizes the IP (M;p) and OP
(Mop) magnetization of different films at 5000 Oe and their ratio
(M;p/Mop) showing the degree of anisotropy. Overall
BTO : LSMO films still show IP magnetic anisotropy. When
comparing the M;p/Mep values of the BTO : LSMO films with
those of the pure LSMO film, it is interesting to note that the
anisotropy of the nanocomposites is slowly switched from IP
dominating towards OP dominating, suggesting that the shape
anisotropy is starting to play a role in the overall magnetic
anisotropy. As strain is a key factor influencing the anisotropic
ferromagnetism in LSMO thin films,*** the existence of tensile
strain in the LSMO pillars could possibly change the easy axis
direction from IP to OP and result in this switch. Since some of
the pillars are disconnected in the 10 Hz sample, the strain
effect from the substrate is further restricted while the vertical
strain is more dominating (i.e. decreased Mjp and increased
Mop). The above discussion has demonstrated the tunable room
temperature  anisotropic  ferromagnetic = response  of
BTO : LSMO thin films via controlling the deposition frequency
(i.e. microstructure of pillars).

In addition to the ferromagnetic response, the room
temperature ferroelectric properties of the BTO : LSMO thin
film were studied. Fig. 3(b) shows the PFM phase image of the
2 Hz sample, while a reversed tip bias of +10 V and —10 V is
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applied in a square area with the dimensions of 1 x 1 um* and
0.5 x 0.5 um>, respectively. A clear contrast change, indicating
the phase change of the thin film, can be noticed as the opposite
voltage is applied. In the phase image, the ferroelectric response
of the BTO : LSMO thin films is demonstrated, and by coupling
with the ferromagnetic hysteresis loops, the overall room
temperature multiferroic response is illustrated. This result
suggests the potential application of BTO : LSMO thin films in
magnetoelectric devices.

The optical properties of the BTO : LSMO thin films were
measured using an ellipsometer and the real part of the
dielectric constants was fitted from the elliposometry results, as
shown in Fig. 4. As shown in Fig. 4(a), anisotropic ellipsometry
parameters can be observed in pure BTO films, which have
larger IP dielectric constants (g)) than the OP ones (e, ). This
phenomenon originated from the substrate induced compres-
sive strain in the BTO lattices, which elongates the lattices in the
OP direction and thus allows the electrons to move vertically. As
a result, the single phase BTO thin film has anisotropic
dielectric constants with lower values in the OP direction. On
the other hand, the LSMO thin film shows isotropic dielectric
constants, as shown in Fig. 4(b). The isotropic dielectric
constants might result from the conducting nature of the LSMO
lattices, where the electrons can move equally in both IP and OP
directions. Besides, the lower values of the dielectric constants
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Fig. 4 Fitted real part of the dielectric constants for (a) pure BTO (b) pure LSMO (c) 2 Hz BTO : LSMO and (d) 10 Hz BTO : LSMO thin films. The
ordinary and extraordinary curves are plotted in solid and dashed lines, respectively. The fitting direction of the dielectric constants is

demonstrated in the inserted schematic drawings.
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Fig. 5 Direct band gaps of the (a) 2 Hz and (b) 10 Hz BTO : LSMO thin films. The optical band gaps are derived from the transmittance spectra,

which are shown as insets.

in LSMO films are predictable due to their high conductivity.
The dielectric constants in BTO : LSMO nanocomposites are
shown in Fig. 4(c) and (d), where enhanced anisotropy can be
observed. In the 2 Hz sample, the vertically aligned LSMO
pillars provide easy paths for the electrons to move perpendic-
ularly, which lowers the dielectric constant in the OP direction.
On the contrary, since the pillars have tiny diameters, the IP
transportation of the electrons is still dominated by the BTO
matrix, which results in similar values of the IP dielectric
constants compared with the pure BTO film. Enhanced aniso-
tropic dielectric constants can also be found in the 10 Hz
sample, even though the properties are not as good as those of
the 2 Hz sample due to the discontinuous pillars in the thin
film, which limit the transportation of electrons in the OP
direction. Overall, the enhanced anisotropic dielectric
constants, which are strongly related to the microstructure of
the thin films, can be achieved by adding conducting LSMO
pillars into the system.

The transmittance of the BTO:LSMO thin films was
measured to explore the change of their electronic structures.
Fig. 5 shows the band gaps of the BTO : LSMO nanocomposites
deposited at 2 Hz and 10 Hz, which are derived from their
transmittance spectra (inset in the figures) via the Tauc method.
The result of the pure BTO film is shown in Fig. S47 as
a comparison. It can be noted that the transmittances of the
nanocomposites are lower than those of the single phased BTO,
which might be caused by the introduction of the secondary
phase and the formation of the phase boundaries in the films.
Specifically, the 10 Hz sample has lower transmittance than the
2 Hz one as it has a less ordered structure. Besides, the
BTO : LSMO thin films have lower band gaps than the pure BTO
film which increase as the deposition frequency increases. The
decrease of the band gaps in nanocomposites is due to the
introduction of the conducting LSMO phase, which has
a narrow band gap of 0.63 eV.** The LSMO pillars have formed
easy paths for the electron transportation, which subsequently
decreases the band gap of the films. From the TEM analysis,
these “paths” are more continuously aligned in the 2 Hz
sample, and thus a lower band gap can be found in the sample
with a deposition frequency of 2 Hz.

This journal is © The Royal Society of Chemistry 2020

In this work, the design of embedding conducting oxide
pillars into the dielectric oxide matrix presents an approach for
obtaining tunable anisotropic optical properties. The VAN
structure can provide multiple tuning parameters, including
the oxygen pressure, substrate temperature, deposition
frequency and energy for the microstructure and strain tuning.
By the material selections, tunable anisotropic multi-
functionalities, including ferroelectricity, ferromagnetism and
optical properties can be obtained in VAN thin films.

Conclusion

In summary, we have reported a VAN system with the compo-
sition of (BaTiOj3).s : (Lag 7Sre.sMn0O3)y,, which is grown onto
STO (001) substrate via PLD. The cross-sectional TEM and STEM
images have demonstrated that the ultra-thin LSMO pillars with
a dimension of around five unit cells were embedded in the BTO
matrix. By changing the deposition frequencies from 2 Hz to
10 Hz, the arrangement of the pillars are tuned from continuous
to partially discontinuous alignment. With the pillar geometry
change, the anisotropy of the ferromagnetic properties has been
tuned from IP dominating towards OP dominating, which
might be attributed to the change of the easy magnetization axis
rotation in the LSMO lattices. Accompanied by the ferroelectric
response, the room temperature multiferroic properties have
been obtained. The vertically aligned conducting pillars have
provided an easy transport path for the electrons, and thus the
anisotropic dielectric constants in the nanocomposite have
been enhanced compared to those of the pure BTO film. In
addition to the dielectric constants, tunable band gaps have
also been achieved in this system. The BTO : LSMO system
presents enormous application opportunities in data storage
devices and non-linear optical devices.
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