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ABSTRACT: Heterointerfaces in manganite-based hetero-
structures in either layered or vertical geometry control their
magnetotransport properties. Instead of using spin-polarized
tunneling across the interface, a unique approach based on the
magnetic exchange coupling along the vertical interface to
control the magnetotransport properties has been demon-
strated. By coupling ferromagnetic La,,Sr,;MnO; and
antiferromagnetic NiO in an epitaxial vertically aligned
nanocomposite (VAN) architecture, a dynamic and reversible
switch of the resistivity between two distinct exchange biased
states has been achieved. This study explores the use of vertical
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interfacial exchange coupling to tailor magnetotransport properties, and demonstrates their viability for spintronic applications.
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Heterointerfaces constructed in complex oxides add an
extra degree of freedom for obtaining unexpected
physical properties. Such heterointerfaces are typically achieved
in a horizontal layered geometry such as bilayers, multilayers
and superlattices.”” Vertically oriented heterointerfaces in self-
assembled two-phase vertically aligned nanocomposite (VAN)
films have emerged very recently as another promising pathway
for enhanced and tunable functionalities.” > For example, the
vertical strain coupling, because of the lattice mismatch
between two component phases, could lead to enhanced
physical properties and new functionalities which are difficult to
achieve using the single phase constituents. Representative
examples 1nclude sizable magnetoelectric couphng in both
BaTiO;:CoFe,0,° and BiFeO,:CoFe,0, films,” and increased
Curie temperature in BaTiO3;:Sm,0; films through nano-
composite-induced strain.® Besides, the increased spin scatter-
ing effect across the grain/phase boundaries has been employed
to enhance the magnetotransport properties in La,,Sro;MnO;
(LSMO):ZnO nanocomposite films.”"’

The low-field magnetoresistance (LFMR) in manganite-
based materials is one of most intriguning phenomena with
promising applications for magnetic memory devices. The
nanocomposite approach has been widely used to improve the
LEMR performance by introducing secondary phases such as
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Zn0,”"* MgO,"" Ce0,,"* NiO,"” and glass.'* Despite different
microstructures related to specific material systems, substrate
lattice parameters, and orientations, the magnetotransport
properties in VAN films are mostly investigated in the
current-in-plane geometry (simplified as in-plane (IP) in the
following section), where the current transports perpendicular
to the vertical heterointerfaces. However, studies on electron
transport along the vertical heterointerfaces (the current-
perpendicular-to-plane geometry, simplified as out-of-plane
(OP)), particularly the magnetotransport, are scarce. On the
other hand, the exchange bias effect, ie, originating from
interfacial magnetic coupling and pinning effects at the
ferromagnetic-antiferromagnetic (FM-AFM) heterointerfaces,
has been exploited in commercial magnetic storage devices.'>"®
The strong interactions between the spin configuration and the
electron transfer are expected to add another degree of control
on the magnetotransport in the OP geometry. Here, we
demonstrate perpendicular exchange biased magnetotransport
using the strong magnetic exchange coupling at the vertical
FM-AFM heterointerfaces. A LSMO:NiO (FM-AFM) VAN
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system has been selected for this demonstration. Besides the
anisotropic electron transport behavior, the magnetotransport
property of the VAN films could be reversibly switched
between two distinct exchange-biased states under an applied
magnetic field through a field cooling procedure.

Figure la shows the typical §—20 XRD scans of both
LSMO:NiO VAN and pure LSMO films with the same
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Figure 1. (a) 6—20 XRD scans of pure LSMO and LSMO:NiO VAN
films. (b, c) Reciprocal space maps near (113) STO for (b) pure
LSMO and (c) LSMO:NiO nanocomposite films on the STO (001)
substrate.

thickness. It is obvious that only the LSMO (00!) and NiO
(001) peaks are present along with the SrTiO; (STO) (001)
peaks, indicating the highly textured OP film growth. Figure 1b,
c shows the reciprocal space maps (RSM) near the substrate
STO (113) peak of the pure LSMO and the LSMO:NiO films,
respectively. The broad LSMO peak observed in the pure film
indicates a systematic variation of lattice parameters as there is a
gradual substrate-induced strain relaxation with increasing film
thickness. In the VAN film, however, the LSMO (113) peak is
shifted much closer to STO (113) peak with a much narrower
lattice parameter variation as indicated by the sharper peak. A
similar peak shift and narrower peak have also been observed in
the RSM data near STO (002) for pure LSMO and

LSMO:NiO films, respectively (see Figure S1), suggesting a
vertical strain coupling between LSMO (dysmoq01y = 3-87 A)
and NiO (dyio(01y4-17 A). For the VAN films, the RSM peak
shift of LSMO corresponds to an OP tensile strain of 0.53%
(with respect to the pure film) and a more relaxed IP tensile
strain of 0.08%.

Transmission electron microscopy (TEM) and scanning
transmission electron microscopy (STEM) analyses in the high-
angle annular dark-field (HAADF) mode were conducted to
investigate the microstructure and phase distribution of the
LSMO:NiO VAN films. Figure 2a shows the plan-view STEM
image of a LSMO:NiO nanocomposite film. It is obvious that
self-assembled NiO nanocolumns (in dark contrast) with an
average diameter of 2 nm and an interspacing of 3.5 nm are
uniformly distributed in the LSMO matrix (in bright contrast).
The inset in the Figure 2a shows a high-resolution image of a
single NiO nanopillar within the LSMO matrix, demonstrating
very high epitaxial quality of these two phases and atomically
sharp heterointerface between them. The energy-dispersive X-
ray spectroscopy (EDS) mapping results demonstrate distinct
phase separation between NiO and LSMO (Figure 2b). The
self-assembled VAN structures can also be seen from their low
magnification cross-sectional STEM image and the high-
resolution TEM image (Figure 2c, d). The corresponding
selected area electron diffraction (SAED) pattern in Figure 2e
combined with the above XRD results confirms the orientation
relationships between LSMO and NiO with the underlying
STO substrate, i.e., (001)gmo || (001)nio || (001)gro (out-of-
plane) and [100];svo [ [100]xi0 [ [100]sro (in-plane).

Electrical transport measurements were carried out in both
IP and OP configurations for pure LSMO and LSMO:NiO
VAN films, as illustrated in the schematics in Figure 3a (OP,
top left, and IP, bottom right). The external magnetic field was
applied along the OP direction for magnetotransport measure-
ments. A 15 nm-thick SrRuO; (SRO) bottom electrode was
applied for OP measurements. Figure 3a shows the temperature
dependent IP and OP normalized resistivity (R(T)) of the
LSMO:NiO VAN film (pop_yany and prp_van). A metal-to-
insulator transition has been observed in pp_yay with a
transition temperature (Tyy) of ~248 K, which could be
attributed to the strong suppression of double exchange
interaction between the neighboring LSMO grains decoupled
by NiO. On the other hand, a continuous decrease in pop_yan
has been observed within the test temperature range. This can
be explained by the fact that the electron transport is mainly
through the conducting LSMO channels along the OP
direction. Because of the series connection between the
upper films and the SRO, the possible contribution from
SRO on the entire film resistivity has been carefully examined.
It is also noted that the effect from SRO is minor with the
incorporation of NiO in VAN films, as evidenced by the
increase in p(10 K)/p(340 K) ratio from the bare SRO layer
(15.8%) (see Figure S2) to those in series connected with pure
LSMO (25.4%) and LSMO:NiO VAN films (62.2%). As a
comparison, the R(T) curves of the pure LSMO film were also
presented. In Figure 3b, both pp_;gmo and pop_rsmo decrease
monotonously with decreasing test temperature from 340 to 10
K and exhibit a metallic-like behavior below its Curie
temperature (~350 K)."

The temperature-dependent MR data of both pure LSMO
and LSMO:NiO VAN films show that pjp_yay has the largest
MR value of —17.1% at ~227 K under the field of 1 T (see
Figure S3), which could be explained by the largest spin-
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Figure 2. (a) Plan-view STEM image of the LSMO:NiO VAN film on the STO substrate. The inset shows a high-resolution image of a single NiO
nanopillar embedded in the LSMO matrix. (b) EDS maps of Ni, La+Sr, Mn, O, and color map obtained from the area of the selected plan-view
STEM image. (c) Cross-sectional STEM image and (d) high-resolution TEM image of the LSMO:NiO nanocomposite film showing periodically
arranged nanopillars. (e) Corresponding SAED pattern of the cross-sectional TEM image in (d).
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Figure 3. Temperature dependence of normalized OP and IP zero-field resistivity of (a) LSMO:NiO VAN and (b) pure LSMO films. Insets in (a)
show the schematic drawings of out-of-plane (OP, top left) and in-plane (IP, bottom right) resistivity measurements, respectively. The magnetic field
for magnetotransport measurements is applied perpendicular to the film surface.

dependent scattering and tunneling effects obtained in the IP
configuration of the nanocomposite film.'® More importantly,
the focus of this study is to investigate the effect of the
magnetic exchange coupling at the vertical heterointerfaces on
the dynamic tunability of the magnetotransport property. Such
a dynamic tuning effect has not yet been demonstrated in
epitaxial VAN architectures and could provide an alternative
way for magnetotransport control. Figure 4a shows the
normalized pop_yan versus the magnetic field (R(H))
measured at 10 K after field cooling (FC) under a magnetic
field of 1 T and —1 T. p(H) and p(0) represent the resistivity
with and without a magnetic field, respectively. It is interesting
to observe that the R(H) curves shift toward either the negative
or positive field with a pronounced bias field of —584 or 527
Oe, respectively depending on the cooling field direction. The
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asymmetric shape of R(H) curves is ascribed to the interfacial
FM-AFM exchange coupling, which induces a unidirectional
anisotropy (Ky) in the FM phase and influences its
magnetotransport.'” When the exchange coupling disappears
under a zero field cooling, Ky; vanishes and thus led to a more
symmetric R(H) curve (see Figure S4). To confirm the unique
role of vertical exchange coupling in controlling the magneto-
transport properties, the field-cooled R(H) data of pp_yay
(Figure 4b) and pop_ismo (see Figure SSa) were carefully
examined, and no shift behavior has been observed.

The perpendicular exchange bias effect at LSMO:NiO
vertical interfaces was further investigated by the magnetic
hysteresis loops (M(H)) of the LSMO:NiO nanocomposite
film measured at different temperatures. As shown in Figure 4,
after 1 T FC to 10 K, the M(H) curve of the LSMO:NiO film

DOI: 10.1021/acsami.5b06314
ACS Appl. Mater. Interfaces 2015, 7, 21646—21651


http://pubs.acs.org/doi/suppl/10.1021/acsami.5b06314/suppl_file/am5b06314_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.5b06314/suppl_file/am5b06314_si_001.pdf
http://dx.doi.org/10.1021/acsami.5b06314

ACS Applied Materials & Interfaces

(a) LT oP1ok
1000} —~1TFC st
AN
§Q 0.998 | f{ S '
= r
I 5
& 0.996 gw"
& ‘
090a| ¢ 527 Oe
: LSMO:NiO
40 05 00 05 1.0
H(T)
C)1.
(c)ro OP 10K
FCA1T
05t
)
= 0.0
E 0.2
05| Hes=770e N
H,= 450 Oe
-0.2
1.0 ’ . 04 00 (X

40 05 00 05 10
H(T)

(b) IP 10 K
100r . 1TFC &;ﬁ
S f y
S 098 F ¥
=S %
[ ‘la%%%
0.96 |
%
‘ LSMO:NiO
-1.0 -0.5 0.0 0.5 1.0
H(T)
(d), H=1000 Oe
S 4l
£
(5]
v 3r
2 | Tpeak ~ 53K
‘x’ 2 L 115
s
1F
——LSMO:NiO FC
0| ——LSMO:NiO ZFC, ‘
0 100 200 300 400
T (K)

Figure 4. (a, b) Magnetic field dependence of normalized (a) pop and (b) pyp of the LSMO:NiO VAN film after FC to 10 Kina 1 T and —1 T field.
(c) Magnetic hysteresis curves of the LSMO:NiO film with the same FC procedure. The inset is the enlarged part of the bias shift. (d) Temperature
dependence of ZFC and FC magnetization of pure LSMO and LSMO:NiO films measured with a IP magnetic field of 1000 Oe. The inset shows the

enlarged part of the bifurcation behavior between ZFC and FC curves.

exhibits a horizontal shift with an exchange bias field (Hgg) of
—77 Oe and a coercive field (H,) of 450 Oe. In comparison, the
FC data of the LSMO film shows no bias shift and a smaller H,
of 396 Oe due to the lack of exchange coupling (see Figure
S5b). It is noted that the Hgy and H, obtained from the M(H)
curves are much smaller than those from the R(H) results. The
discrepancy can be understood by the difference between these
two measurement techniques. The bias fields measured from
R(H) tests are determined by the average pinning field of the
entire FM-AFM interfaces, while the values from M(H) curves
are dominated by the weakest site for the occurrence of
nucleation during the magnetization reversal.”””' Hence the
M(H) technique measures the lowest limit of the actual Hgy
associated with the weakest pinned region, and thus gives much
smaller values than those from R(H) tests. In the material
systems with uniform exchange coupling at the interface, the
Hgg values measured from M(H) and R(H) tests agree with
each other, as observed in FeMn/NiFe exchange biased spin
valves”” and high-quality CoO/Co and CoO/Fe bilayers.”> On
the other hand, the discrepancy of Hgy becomes significant in
the presence of irreversible AFM domain formation and
rearranged spin coupling, which strongly relates to the interface
structure and geometry. Similar effects have also been observed
in previous studies of exchange biased Co/CoO bilayers** and
antidote arrays””*® probed with magnetization hysteresis and
anisotropic MR techniques. In LSMO:NiO VAN films, the self-
assembled high-density vertical interfaces give rise to larger
interfacial spin fluctuations and thus leads to the observed
discrepancy effect.

Figure 4d presents the zero-field-ooling (ZFC) and FC data
of magnetization as a function of temperature (M(T))
measured with an in-plane magnetic field of 1000 Oe. First, it
is noticed that the measured T, (~234 K, defined as the
temperature where the dM/dT reaches the minimum value) is
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consistent with the Tyy measured in Figure 3a (ie., 248 K).
The bifurcation between the ZFC and FC M(T) curves at T,
(~75 K) and a peak observed in ZFC MT data at Ty, (~53
K) indicates the existence of spin-disordered states in the VAN
film, which is not seen in the pure LSMO film. This could result
from the competing magnetic orders and spin frustration at
LSMO-NiO heterointerfaces, as seen in other LSMO-based
heterostructures.'®*® As the temperature increases, the
magnetic exchange coupling strength between LSMO and
NiO is significantly weakened with a rapid decay of the FM
ordering in LSMO. As the measurement temperature increases
to 150 K, the R(H) curve after 1 T cooling to 150 K presents
no shift to either direction (see Figure S6a), and the Hyy from
the M(H) measurement decreases to 0 Oe accompanied by a
decrease of the coercive field (see Figure S6b), suggesting a full
relaxation of the exchange coupling between LSMO and NiO.

The above experimental results demonstrate the unique role
played by perpendicular exchange coupling at vertical
heterointerfaces in LSMO:NiO VAN films on the tuning of
the OP magnetotransport properties. The strong dependence
of the OP electron transport on the interfacial exchange
coupling indicates a different transport-controlled mechanism
compared to those reported in bilayer/multilayers, polycrystal-
line nanocomposite and bulk materials. In conventional layered
magnetic tunneling junctions (MT]Js) or VAN structures for in-
plane transport, the spin-polarized tunneling and spin filtering
effects have been typically used to enhance the magnetotran-
sport property.””~>* On the other hand, for the OP transport of
the VAN films, the spin-polarized tunneling effect becomes
minor because the tunneling barrier thickness (equivalent to
the film thickness) is extremely high and electrons are mainly
transported through the conducting channels. Instead, the
interfacial exchange coupling at the vertical interface introduces
anisotropic constraints on the FM spin rotation during external
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perpendicular field switching, and thus influences the magneto-
transport properties. More importantly, by tuning the vertical
interface density in the VAN structure, one can control the
overall exchange coupling strength and resultant magnetotrans-
port properties. This has been evidenced by comparing the
results of LSMO:NiO VAN films with different nanopillar sizes
and interspacings. As shown in Figure S7, when the deposition
frequency was reduced to 1 Hz, the LSMO:NiO VAN film with
a larger nanopillar size (~3.3 nm) and interspacing (~S5.7 nm)
was obtained. This resulted in reduced pillar density and
vertical interface density. As a result, the R(H) curves showed a
much smaller shift (~50 Oe) under the same FC procedure.

In summary, self-assembled LSMO:NiO vertically aligned
nanocomposite films were grown using pulsed laser deposition
with a uniform morphology of highly ordered, ultrafine NiO
nanopillars embedded in the LSMO matrix. The anisotropic
electron transport properties in both the current-in-plane (IP)
and current-out-of-plane (OP) geometries were investigated.
The vertical LSMO-NiO heterointerfaces in the nanocomposite
films demonstrated pronounced magnetic exchange coupling at
low temperatures, as indicated by the observed exchange bias
effect. More interestingly, such a vertical interface coupling
enables a dynamic and reversible control of magnetotransport
properties. The work demonstrates that exchange coupling of
vertical FM-AFM heterointerfaces represents an alternative
approach to manipulating magnetotransport properties in
epitaxial oxide nanocomposite films.

B EXPERIMENTAL SECTION

Pure LSMO films and LSMO:NiO (with a molar ratio of 3:2)
nanocomposite films with a thickness of 70—100 nm were grown on
single-crystal SrTiO; (001) substrates at 750 °C in 200 mTorr of
oxygen using pulsed laser deposition with a KrF laser (Lamda Physik,
A =248 nm) at a repetition rate of 10 Hz. The laser energy density is
2.2 J/cm?. After the depositions, the samples were cooled down in an
oxygen pressure of 200 Torr at a cooling rate of 5 °C/min. The
epitaxial quality and microstructure of all samples were investigated
with high-resolution XRD (PANalytical Empyrean diffractometer)
using Cu—K,, radiation and TEM (FEI Tecnai G* F20). For high-
resolution STEM and EDS mapping, a FEI Titan G2 800—200 STEM
with as a Cs probe corrector and ChemiSTEM technology (X-FEG
and SuperX EDS with four windowless silicon drift detectors)
operated at 200 kV was used. Au electrodes were deposited by
sputtering on top of films for electrical property measurements. The
sample resistivity was measured in a Physical Properties Measurement
System (PPMS, Quantum Design). For the field-cooling (FC) and
zero field cooling (ZFC) measurements, the samples were cooled
down from 300 K to target temperatures under magnetic fields of 1
and 0 T, respectively. The substrate signals have been subtracted for all
measured samples.
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