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ABSTRACT: Exchange bias (EB) presents the interfacial coupling
between ferromagnetic (FM) and antiferromagnetic (AFM) phases,
which could be applied for high-density data storage and magnetic
recording. In thin films, the EB effect could be realized in either a FM/
AFM multilayer structure or a FM/AFM vertically aligned nanocomposite
(VAN) form, which allows the interfacial coupling tuning along the
horizontal or perpendicular directions, respectively. Here, to combine the
schemes of multilayer and VAN structures, a new 3D nanocomposite has
been designed, which is La,,Sr;;MnO; (LSMO)/NiO VAN layers with
inserted LSMO or NiO layers. Such a 3D nanocomposite structure
provides a great platform to tailor the EB effect along both horizontal and
perpendicular directions. Specifically, the sample with a NiO interlayer
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exhibits the highest EB field (Hgg) of 350 Oe and 475 Oe under in-plane and out-of-plane field, respectively. Furthermore, the Hg
value and Curie temperature (T.) can be tuned by different 3D nanostructures. This work demonstrates the double EB modulation

with the designed 3D nanostructures as a new route toward advanced magnetic data storage and spintronic devices.

KEYWORDS: exchange bias, 3D nanocomposite thin film, vertically aligned nanocomposite, magnetic property, multilayer

B INTRODUCTION

Exchange bias (EB) effect presents the shift of the hysteresis
loop of the ferromagnetic (ferrimagnetic, FM)/ antiferromag-
netic (AFM) heterostructure while cooling through the Néel
temperature (Ty) of the AFM phase. The EB field is defined as
Hgg = |H, + H_l/2, where H, and H_ are the positive and
negative coercivities in the hysteresis loop, respectively. The
EB effect can be employed in various applications, such as
magnetic data storage, spin valve devices, magnetic sensors,
magnetic hard disk heads, and spintronic applications.l_5 The
EB effect has been realized in different nanostructures with
FM/AFM interfacial exchange coupling, among which thin-
film geometry is ideal for practical applications. Convention-
ally, the EB effect can be achieved by FM/AFM multilayers,
which alternatively stack the FM layer and AFM layer. Various
material systems have been adopted to obtain such multilayers
with an EB effect, such as the Co/CuMn (metal/alloy
bilayer),® Fe/FeO (metal/oxide bilayer),” Lay,Sry;MnO;
(LSMO)/BiFeO; (BFO) (oxide/oxide bilayer),® Co/CoO/
Co (metal/oxide/metal trilayer),9 and LaNiO;/LaMnO,
superlattices.'’

In such a multilayer structure, the interfacial exchange
coupling occurs at the transverse FM/AFM interface (i.e.,
lateral interface), which makes the EB effect more evident with
a horizontal applied magnetic field (horizontal EB effect).
Furthermore, the Hyy value in the multilayer can be tuned by
controlling the layer number and the thickness of the FM layer
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(tgm). For example, it was found that EB is inversely
proportional to the FM layer thickness (Hgz o 1/tgpy),
which suggests that a lower thickness of the FM layer is
preferred to achieve a high Hgy value.'"" On the other hand,
perpendicular EB effect is considered to be easier to achieve
high-density magnetic data storage and is more thermal stable
in local areas.'>"* Although the perpendicular EB effect can be
realized in multilayers by introducing a magnetic anisotropic
FM layer (such as CoPt alloy or Co/Pt multilayer), the choice
of magnetic anisotropic FM material is limited.'”"> Recently,
vertically aligned nanocomposite (VAN) thin films provide a
great platform to create a heterointerface along the vertical
direction, which allows physical property manipulation in an
unconventional way.'®™"® Pronounced perpendicular EB effect
has been observed in several VAN systems, such as LSMO/
NiO, LSMO/LaFeO;, NiO/NiFe,0, LSMO/BFO, and so
forth."*~?* Furthermore, such VANSs have even been integrated
on Si and flexible mica substrates with comparable Hgg values
as those of the films deposited on single-crystal substrates.”**
Overall, the multilayer and VAN structures allow the EB effect
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Figure 1. Schematic illustration of the 3D nanocomposite thin-film design with different interlayers and different numbers of interlayers; right panel
is the interfacial exchange coupling along both horizontal and perpendicular interfaces.
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Figure 2. Standard 6—26 XRD scans of (a) N1, N2, and N3 series samples and (b) L1, L2, and L3 series samples; (c) phi-scan of LSMO (111),

NiO (111), and STO (111) peaks on the N1 sample.

in the horizontal and perpendicular field directions, respec-
tively. However, tailoring the EB properties in both directions
using one material system remains very challenging, consider-
ing the exclusive nature of magnetic anisotropy.

In this work, we adopted the concepts of both multilayer and
VAN structures and designed a VAN-multilayer combined 3D
nanocomposite structure for tailoring the EB properties in both
horizontal and perpendicular directions, as shown in the
schematic illustration in Figure 1. In such a design, LSMOy s/
NiOys VAN (simplified as LSNS hereafter) has been selected
as a model system, and two series of films with either LSMO-
or NiO-interlayers were grown with different numbers of
interlayers, and the samples L1, L2, or L3 and N1, N2, or N3
refer to 1, 2, or 3 LSMO or NiO interlayers, respectively. In
such a 3D nanocomposite structure, FM/AFM interfacial
exchange coupling could exist in both horizontal and
perpendicular directions, as illustrated in the right panel of
Figure 1, which allows the manipulation of both horizontal and
perpendicular EB effects.
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B RESULTS AND DISCUSSION

Standard 6—20 X-ray diffraction (XRD) scans were first
characterized and are plotted in Figure 2a for N1-N3 and
Figure 2b for L1—L3; only NiO (002) and LSMO (002) peaks
were identified for all 3D nanocomposite thin films, which
indicates the highly textured growth of the films. The c-lattice
parameters of NiO and LSMO phases in all samples can be
calculated, and the results are summarized in Table 1 along
with the corresponding out-of-plane (OP) strain, which is

calculated by ¢ = @. The OP strains of both NiO and

‘bulk
LSMO are varied in different films; basically, NiO undergoes
OP compressive strain, and OP tensile strain is exerted in
LSMO, which suggests the lattice coupling in the vertical
LSMO/NIO interface. Interestingly, two NiO (002) peaks
were observed in the N1 sample; refer to the lattice parameter
of the NiO phase in the VAN layers and the NiO interlayer.
Similar results were obtained for the LSMO (002) peaks in the
L3 sample, while all other samples present one peak for each
phase. This is attributed to the difference of the elastic
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Table 1. c-Lattice Parameter and OP Strain of Both NiO
and LSMO Phases in All Samples

NiO c-lattice LSMO c-lattice =~ LSMO OP
samples  parameter (A) NiO OP strain  parameter (A) strain
N1 4.169/4.095 —0.02/—1.80 3.931 1.42
N2 4.162 -0.19 3913 0.95
N3 4.169 —-0.02 3.905 0.75
L1 4.115 —-1.32 3.929 1.37
L2 4.085 —2.04 3.958 2.12
L3 4.094 —-1.82 3.939/3.962 1.63/2.22
bulk 4.17 3.876

modulus in the LSMO and NiO phases, for example E; o is
~562 GPa™, and Eyq is ~185 GPa,”® and therefore, the lattice
of NiO is easier to be distorted compared to LSMO. For
sample N1, two NiO (002) peaks refer to the NiO interlayer
and VAN layer; for N2 and N3, the thickness of each VAN
layer is smaller, so NiO phase in the VAN layer prefers to
follow the lattice of the NiO interlayer and thus one NiO peak
formed. In comparison, for L1 and L2, only one LSMO peak
appears as its lattice is rigid. However, for L3, two LSMO
peaks form as more LSMO/NiO interface forms and the lattice
strain starts to influence the LSMO phase. Strain is a

considerable factor for tailoring the Hpp value, for example,
the tensile strain in LSMO can stabilize the spins and
consequently enhance the Hgy value.”” Furthermore, for NiO,
the in-plane (IP) compressive strain (or OP tensile strain)
results in the tendency of the transverse rotation of the AFM
spins,”® while IP tensile strain (or OP compressive strain) leads
to the tendency of vertical rotation of the AFM spins.”” The
detailed magnetic properties of the different 3D nano-
composite thin films will be discussed in the following section.
Figure 2c presents the phi-scan of LSMO (111), NiO (111),
and SrTiO; (STO) (111) peaks of the selected N1 sample; all
of them exhibit four sharp peaks with 90° interval, which
indicates the cube-on-cube growth of both LSMO and NiO
phases as well as the excellent crystal quality of the VAN
multilayer film. The phi-scan of LSMO (111), NiO (111), and
STO (111) peaks of the L2 sample shown in Figure SI further
proves the high quality of the 3D films with either NiO or
LSMO interlayers. The rocking curves of all samples have also
been measured to explore the crystallinity of NiO and LSMO
phases in all samples, as shown in Figures S2 and S3 for N-
series and L-series samples, and the full width at half-maximum
(fwhm) of all peaks are listed in Table S1. Several features can
be observed. First, fwhm of the LSMO (002) peak is smaller
than that of the NiO (002) peak, which is because LSMO has a
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Figure 3. Detailed microstructure study on sample L2. (a) Low-mag STEM image with corresponding (b) EDX mapping and (c) SAED pattern
taken in the STO [100] zone axis; (d) high-resolution STEM image of interface I with corresponding (e) IFFT image and (f) GPA mapping; (g)
high-resolution STEM image of interface II with corresponding (h) IFFT image and (i) GPA mapping.
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Figure 4. Magnetization hysteresis loops of all samples under different conditions. L series samples under (a) IP and (b) OP fields at 10 K; N series
samples under (c) IP and (d) OP fields at 10 K; the insets are the enlarged area to estimated Hgy values; the calculated Hgg values are compared

(e) for the IP field and (f) for the OP field.

better lattice matching with the STO substrate (note that the
rocking curves of LSMO (002) in samples N2 and N3 are
missing as they are fully overlapped with the STO (002) peak).
Furthermore, for the NiO (002) peak in the N-series samples,
fwhm becomes smaller with more NiO interlayers, which
suggests that the NiO interlayer is the main factor to
contribute to the rocking curve. On the other hand, for the
NiO (002) peak in the L-series samples, fwhm becomes larger
with more LSMO interlayers, which is because NiO phase only
exists in the VAN layers and its crystallinity gets worse with
more LSMO interlayers.

To further explore the film quality, detailed transmission
electron microscopy (TEM) study has been conducted on the
L2 sample. Figure 3ab shows the low-mag scanning TEM
(STEM) image and its corresponding energy-dispersive X-ray
spectroscopy (EDX) mapping; the thickness of the VAN layer
and the inserted LSMO layer can be estimated as 60 and 40
nm, respectively, and the interface between each layer is
relatively smooth. The VAN layer exhibits a typical nanopillar-
in-matrix structure, that is, NiO nanopillars embedded into the
LSMO matrix. The selected area electron diffraction (SAED)
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pattern taken in the STO [100] zone axis is shown in Figure
3¢, and the distinguished NiO (002) and LSMO (002)
diffraction dots indicate the perfect OP alignment of the two
phases in the film. Then, high-resolution STEM images were
taken at interface I and interface II as marked in Figure 3a. The
high-resolution STEM of interface I is shown in Figure 3d with
its corresponding inverse fast Fourier transform (IFFT) image
in Figure 3e. A nearly perfect lattice with very few defects is
obtained. The lattice mismatch has been compensated by the
interfacial strain, as displayed in the geometric phase analysis
(GPA) map in Figure 3f. Tensile and compressive strains can
be identified in the LSMO phase (inserted layer or inside the
VAN layer) and NiO phase, respectively, which is consistent
with the above XRD results. Furthermore, the high-resolution
STEM and corresponding IFFT images of interface II are
presented in Figure 3gh, respectively. More dislocations are
observed at the interface area compared to interface I as the
film quality is slightly degraded with more layers. The GPA
map in the same area again demonstrates the tensile strain in
LSMO and the compressive strain in NiO, as shown in Figure
3i. The low-mag STEM image and the corresponding EDX

https://doi.org/10.1021/acsami.1c14699
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Figure S. Temperature dependence of ZFC and FC magnetization of all 3D nanocomposite thin films compared with the LSMO/NiO single layer
film. M—T curves of the L series samples under (a) IP and (b) OP fields at 10 K; M—T curves of the N series samples under (c) IP and (d) OP

fields at 10 K.

mapping of sample L1 is also shown in Figure S4. The
microstructure of the N series samples of N1 and N2 presents
a very similar 3D structure with NiO interlayers, as shown in
Figures S5 and S6, respectively. Overall, the 3D nano-
composite thin film presents excellent crystallinity with
different strain conditions in each phase, while the film quality
degrades with more layers grown.

Next, we focus on the magnetic properties of these 3D
nanocomposite thin films. First, the magnetization hysteresis
loops were measured for all samples with the applied magnetic
field (from —10 000 Oe to 10 000 Oe) in the IP (parallel to the
film surface) or OP (perpendicular to the film surface)
direction at 10 K. Figure 4a—d plots the hysteresis loops of
L1-L3 under IP field and OP field and of N1-N3 under IP
field and OP field, respectively. The insets in each figure are
the enlarged area to estimate the EB Hgp values, which is
compared in Figure 4e,f for IP and OP, respectively. The data
for the single layer of LSMO/NiO was also included as the
reference. All of the samples show an obvious EB effect with
Hgg values higher than 100 Oe, and the 3D nanocomposite
thin films with one inserted interlayer (L1, N1) obtain the
highest Hgy values under both IP and OP fields. The variation
of the Hgy values in different samples could be attributed to
the combined effect of the different strain states and the film
quality degradation with more layers, as mentioned above.
Among them, N1 obtains the highest Hgy values of 350 Oe and
475 Oe under IP and OP fields, which is much higher than that
of the LSMO/NiO single-layer film. On comparing sample N1
with sample L1, the same amount of LSMO/NiO vertical
interface is generated in both films; however, more LSMO/
NiO horizontal interface is formed in sample N1 as LSMO is
the matrix in the VAN layer, which results in higher Hgy values
in sample N1. Another interesting finding is that the OP Hgg

50145

values are higher than the IP Hgy values for most of the
samples, which probably results from the large amount of
vertical interface in the VAN layers. Overall, the EB effect in
both directions can be effectively enhanced by such a 3D
nanostructure design. Further tuning could be realized by
controlling the thickness of the interlayers or the VAN layer,
composition variation of the VAN layer, or developing other
VAN systems.

Last, the temperature-dependent magnetization (M—T, S to
380 K) measurements under field cooling (FC, 1000 Oe, IP or
OP) and zero-FC (ZFC) conditions have been carried out for
all samples, and the results are shown in Figure 5. One major
finding is that the Curie temperature (T, paramagnetic to
ferromagnetic transition point) of LSMO in all of the 3D
nanocomposite thin films is higher than that of the LSMO/
NiO single layer (with IP or OP field), which is related to the
strain state in each film. All of them obtain lower T, compared
to the previously reported pure LSMO of ~370 K.** Generally,
the magnetic response of LSMO is highly dependent on the
double exchange of the e, hopping from Mn** to Mn*", and the
modification of the angle or length of the Mn—O—Mn bond
caused by strain can correspondingly tailor its magnetic
performance. It was reported that IP compressive strain results
in higher T because of the reduced Mn—O—Mn bond length,
while oppositely, tensile strain leads to lower T.*"** In
addition, defects such as oxygen vacancies could break the
exchange mechanism and increase the spin disorder and thus
reduce T..** Therefore, the mechanism of the increased T, in
this case is quite complicated as both the strain state and the
interfacial defects could contribute to the magnetic properties.
Another finding is that the magnetization monotonically
decreases with increasing temperature in the FC curves,
while in the ZFC curves, the magnetization gradually increases

https://doi.org/10.1021/acsami.1c14699
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to the maximum value (blocking temperature: Tg) and then
continuously decreases with increasing temperature. Interest-
ingly, a bifurcation between the FC and ZFC curves can be
observed for all samples at different temperatures (irreversible
temperature Ty, as compared and shown in Figuer S7 for all
samples), which suggests that the lack of magnetic ordering
under such a temperature and LSMO phase might turn into
spin-glass, spin clusters, or superparamagnets. Several factors
might be responsible for the varied Ty, such as the finite-size
effect due to the ultrafine NiO nanopillars,”* as well as the
magnetic disorder caused by interfacial defects.”® Overall, the
magnetic states in the 3D nanocomposite thin films are
relatively complicated because of the complex strain states and
interfacial effect, and further investigations are needed to fully
understand the tuning mechanism.

Several approaches have been previously reported to tailor
the EB effect, such as the thickness variation of the AFM
layer’® or FM layer,'" the sgin structure of the FM phase,’’
spin—orbit torque,” strain,”” and so forth. For the conven-
tional multilayer or VAN films, the FM/AFM interface is
generated either in the horizontal or vertical direction, which
limits the tunability of the EB effect. The 3D nanocomposite
thin films in this work provide a new way for EB effect tuning
in both horizontal and vertical directions by architecture
design, though the exact tuning mechanism is still under
further investigation in the complex structure. The results in
this work present effective Hgp tuning on the 3D nano-
composite thin films. For future perspective, further tuning can
be achieved by controlling the thickness of each layer,
composition variation of the VAN layer, and others. Besides
the EB property tuning, 3D nanocomposite design could be
employed for magnetotransport (e.g., low-field magneto
resistance properties)*’ or plasmonic properties tuning.41
Furthermore, such a 3D nanocomposite concept could be
adopted for other unexplored systems for property tailoring,
such as 3D ionic conductivity channels, 3D strain for enhanced
terroelectricity, and so forth.

B CONCLUSIONS

A new 3D nanocomposite thin film with combined VAN and
multilayer structures has been grown for EB effect modulation
in both horizontal and perpendicular field directions. More
specifically, the 3D nanocomposites include LSMO/NiO VAN
layers inserted by one, two, or three layers of LSMO (L1, L2,
L3) or NiO (N1, N2, N3) layers. The VAN multilayers show
epitaxial growth with excellent film quality despite the
complicated 3D structures. All of the films show enhanced
Hgy values, with the N1 sample obtaining the highest Hgy
values of 350 Oe and 475 Oe under IP and OP fields, and the
Hpg values could be tailored by controlling the inserted layer
and the layer number. In addition, other magnetic properties
such as the Curie temperature T, blocking temperature Tj,
and irreversible temperature Tj, are also tunable. The VAN
multilayer structure provides design flexibility for interfacial
modulation and strain state control and thus tailorable
magnetic properties, pending exact tuning mechanism under
further investigation.

B EXPERIMENTAL SECTION

The LSMO, NiO, and (LSMO),5(NiO),s targets were made by
conventional solid-state mixing; the mixed powders were then pressed
into a pellet (1 in. diameter) followed by a sintering process under
1200 °C for 6 h. All of the thin films were deposited on STO (001)

substrates using the pulsed laser deposition technique with a KrF
excimer laser (Lambda Physik, 4 = 248 nm). The 3D structures were
obtained by alternative deposition of the (LSMO),s(NiO)ys target
and the LSMO or NiO target. More specifically, 3000 pulses were
deposited for each VAN layer in sample N1, 2000 pulses were used
for each VAN layer in sample N2, and 1500 pulses for each VAN layer
in sample N3. One thousand pulses were fixed for LSMO or NiO
interlayers in all samples. Before deposition, the base pressure was
below 1 X 107® Torr. During deposition, the substrate temperature
was raised to 700 °C with 100 mTorr O, inflowing, and the
deposition frequency was set at 5 Hz. The target—substrate distance
was fixed at 4.5 cm. After deposition, the samples were cooled down
at 10 °C/min in 200 Torr O,.

The crystal structure of the films was characterized by XRD
(Panalytical X'Pert X-ray diffractometer). High-angle annular dark «
field STEM images were collected on an aberration-corrected FEI
Themis Z microscope, while EDX chemical mapping was taken by a
FEI Talos F200X transmission electron microscope. The TEM
samples were prepared using the conventional mechanical method,
including grinding, dimpling, and ion milling (PIPS 695). Temper-
ature dependence magnetization (2—380 K) and magnetic hysteresis
loops (from —10 000 Oe to 10 000 Oe) were measured by a SQUID
magnetometer (MPMS: Quantum Design), with the applied field in
the direction of either perpendicular or parallel to the film surface.
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