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Abstract:- Strong exchange bias (EB) in perpendicular direction has been demonstrated in
vertically aligned nanocomposite (VAN) ( La0.7Sr0.3MnO3) 1—x : (LaFeO3) x (LSMO:
LFO),( x = 0.33, 0.5, 0.67) thin films deposited by pulsed laser deposition. Under moderate
magnetic field cooling, an EB field as high as 800 Oe is achieved in the VAN film with x =
0.33, suggesting a great potential for its applications in high-density memory devices. Such
enhanced EB effects in a perpendicular direction can be attributed to the high-quality epitaxial
co-growth of vertically aligned ferromagnetic LSMO and antiferromagnetic LFO phases and
the vertical interface coupling associated with a disordered spin-glass state. The VAN design
paves a powerful way for integrating the perpendicular EB effect within thin films and provides
a new dimension for advanced spintronic devices

Keywords: Exchange bias (EB), Ferromagnet (FM), Antiferromagnet (AFM), Vertically
aligned nanocomposite (VAN), X-ray diffraction (XRD, Transmission Electron Microscopy
(TEM)

Introduction:-

Exchange bias (EB), referring to a shift of the magnetization hysteresis loop along the field
axis, has gained great interest since its discovery in the 1950s.1 With the unidirectional
magnetic anisotropy it provides, the EB effect has found critical applications in numerous
spintronic devices, i.e., magnetic recording read heads and magnetic memory.2,3 The EB effect
is believed to originate from the magnetic coupling across the interface shared by a ferromagnet
(FM) and an antiferromagnet (AFM) when cooled in a magnetic field through the Neel
temperature (TN) of the AFM.4,5 In addition to FM/AFM interfaces, this effect has also been
extensively explored and reported in FM/spin-glass (SG),6-8 FM/non-magnetic
interfaces,9,10, and FM/paramagnetic3 interfaces recently. Most EB effects reported in thin
films are based on multilayer structures where the magnetization of the FM layer is pinned in
the in-plane direction, which is parallel to the coupling interfaces. However, for next generation
memories that require high thermal stability and high density, perpendicular exchange bias
(PEB) is more desirable.11,12 So far, reported PEB in multilayer architectures can only be
triggered in very thin FM films (less than 10 nm), found in layered noble metals Co/(Pd,Pt),13
DyCo,11 and CoFeB-based spin valves,12 which all require precise heterostructure thickness
control with sophisticated facilities. In addition, in layered structures, the strength of EB is
inversely proportional to the ferromagnetic layer thickness, which also hampers practical
device integration. Considering that the exchange bias originates mostly from the interface
coupling, it is highly expected that PEB could be derived in structures with a high density of
coupling interfaces in the vertical direction.
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Vertically aligned nanocomposite (VAN) thin films, in which two phases of materials can be
self-assembled and grown epitaxially, provide a powerful way for vertical interface coupling
and microstructure tuning14,15 and have been explored extensively for novel and enhanced
functionalities, e.g., enhanced low field magnetoresistance = (LFMR),16,17
superconductivity,18 and enhanced ferro- electricity,19, etc. Recently, by selecting FM
La0.7Sr0.3MnO3 (LSMO) and AFM BiFeO3 as the two phases of VAN film, exchange bias
in the perpendicular direction has been observed.20 In addition, with careful design of the VAN
thin film growth, high density of interfaces can also be engineered to align to specific
directions,21 making it promising for exploring enhanced EB in controlled orientation.
Enormous opportunities in exploring new VAN materials systems, performance tunability, and
the understanding of the fundamental EB mechanisms are left lacking, and thus worth
Investigation.

Experiment details:-

In this work, we investigated the co-growth of FM LSMO (a=3.87 A, pseudo-cubic) and AFM
LaFeO3 (LFO, a=3.940 A, pseudo-cubic) on SrTiO3 (STO, a = 3.905 A) substrate to explore
EB effect in the perpendicular direction. LFO is selected based on its good lattice matching
with both STO and LSMO and the large magnetic anisotropy.22 Strong exchange bias (EB)
effect in the perpendicular orientation has been achieved and can be modulated by the strain
tuning effect with composition variation. Detailed microstructure and magnetic properties
analysis suggest that the exchange coupling at the vertical LSMO/LFO interfaces associated
with an SG state is responsible for the pronounced PEB properties here

Result and Discussion:-

(LSMO)1—x:(LFO)x nanocomposite films (with a film thickness of 1000 nm), with x = 0.33,
0.5, 0.67, were grown on single crystalline STO (001) substrates by pulsed laser deposition.
The composite targets were prepared with a conventional ceramic sintering process from high-
purity stoichiometric La203, SrCO3, MnO2, and Fe203 powders. During deposition, a
substrate temperature of 800 °C and oxygen pressure of 200 mTorr were maintained. A KrF
excimer laser (A = 248 nm) with a repetition rate of 10 Hz was used. All films were cooled at
10 C/min under 200 Torr O2 after deposition. X-ray diffraction (XRD) (PAN Analytical
Empyrean XRD) and transmission electron microscopy (TEM) (FEI Tecnai G2 F20 operated
at 200 kV) were used to analyze the crystallinity and microstructure of the films.

The out-of-plane magnetizations of the films were measured by a commercial Physical
Property Measurement System (PPMS Model 6000, Quantum Design) with a Vibrating Sample
Magnetometer (VSM). The temperature-dependent magnetization (M-T) data were collected
during the heating cycle, after cooling down the samples from 350 K to 5 K with (field-cooling,
FC) or without (zero-field-cooling, ZFC) applied magnetic field. Hysteresis loops were
obtained after cooling the sample from 300 K under a specific magnetic field (Hcool) down to
the desired temperature.

Fig. 1(a) shows XRD 6-26 plots of the pure LSMO and LSMO: LFO nanocomposite films.
Both LSMO and LFO phases grow highly textured along (00I) on STO substrate without any
obvious impurity peak. To further investigate the crystal structure and the strain states of the
composite films, reciprocal space mapping (RSM) were performed near the (113) STO peak.
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Figs. 1(c) and 1(d) shows typical RSMs for LSMO0.67LF00.33 and LSMO0.33LF00.67,
respectively. Both of them show clearly separated LSMO (113) and LFO (113) peak,
suggesting highly epitaxial two phase co-growth in the films. In addition, it is interesting to
note that the LSMO and LFO peaks present minor spread in the out-of-plane direction,
suggesting small or no strain relaxation through the thickness of the film, which is consistent
with the general feature of VAN films, i.e., the strain state is dominated by the strain coupling
across the hetero-interfaces between the two phases in the vertical direction rather than by the
STO substrate for thick film.19,21,23,24 A Strong strain tuning effect exists as the LSMO and
LFO peaks shift systematically with the composition variation. The calculated out-of-plane
lattice parameters of LSMO are plotted in Fig. 1(b) and summarized in Table I. The vertical
strain state of LSMO was converted from compressive ( 0.17%) for x = 0 to tensile (+1.3%)
for x = 0.67, which is expected from the interface strain coupling between LSMO (a = 3.87 A,
pseudo cubic) and LFO (a = 3.94 A, pseudo cubic).

Detailed microstructure analysis was conducted via TEM and scanning transmission electron
microscopy (STEM) for the composite films, as shown in Fig. 2. Fig. 2(a) displays a typical
cross-section TEM image of the LSMOO0.67LF00.33 film, showing vertically self-assembled
two-phase growth with columnar structures on the substrate, further evidenced by the energy-
dispersive X-ray spectroscopy (EDX) results (inset of Fig. 2(a)) taken under the STEM mode.
The EDX line scan shows alternating Mn-rich and Fe-rich regions, corresponding to the
columnar LSMO phase and LFO phase. High-resolution TEM images (Fig. S144 of the

supplementary material)
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FIG. 1. (a) XRD 6-28 plots of pure LSMO and the LSMO0.5LFO0.5 nanocomposite films.
(b) Out-of-plane lattice parameter of LSMO with different LFO molar ratios. Reciprocal
space maps near STO (113) of (c) LSM0O0.67LF00.33 and (d) LSMO0.33LF0O0.67.
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indicate one-to-one lattice matching between LSMO and LFO, expected from the small
calculated lattice mismatch (1.7%). Plan-view TEM image of LSMOO0.5LFO0.5 (Fig. 2(c))
shows LFO phases embedded in the LSMO matrix, with domain diameter of 2-10 nm. Figs.
2(b) and 2(d), and inset of Fig. 2(d) are the TEM, STEM image and the selected area electron
diffraction (SAED) pattern of LSMOO0.33LF00.67 film, respectively. The bright and dark
columns in the STEM im- age correspond to the LFO (brighter contrast) and LSMO (darker
contrast) phases. LFO domain diameter is determined to be less than 10 nm also. Distinguished
diffraction dots in the SAED pattern indicate high epitaxial quality of the composite film. Both
LSMO and LFO grow cube-on- cube on STO substrate, with the lattice matching relations of
(002)LSMO//(002)LFO//(002)STO and (020)LSMO//(020)LFO//(020)STO.

fig. 2. Self-assembled vertically aligned nanostructures of (LSMO)1—x:(LFO)x VAN films. (a)
Cross-sectional TEM image of the LSMO0.67LF00.33 nanocomposite film. Inset of (a) EDS
line scan results across several pillars. (b) Cross-sectional TEM image of LSMO0.33LF00.67
VAN film. (c) Plan-view TEM image of LSMOO0.5LFO0.5 sample showing LFO nanopillars
embedded in LSMO matrix. F indicates LFO. (d) Cross-sectional STEM image and diffraction
pattern (inset of (d)) of LSMO0.33LF00.67.

Magnetic properties

Magnetic properties of the films were analyzed using PPMS with VSM. After field cooling
process starting from 300 K, which is well below TN of LFO (~740 K),25 obvious PEB effect
was observed at 5 K for all the (LSMO)1—x:(LFO)x films, while pure LSMO film showing no
obvious EB effect. Fig. 3(a) shows a typical magnetic hysteresis loop of the
LSMO0.67LF00.33 film at 5 K after field cooling under 1 T. It is obvious that the hysteresis
loop shifted to the left along the magnetic field axis, which is opposite to the cooling field
direction. The EB field HEB and coercive field He are calculated using HEB = HI + H2 /2 and
Hc =HI1 H2 /2, where H1 and H2 are negative and positive fields at which the magnetization
equals zero, respectively. A large EB field of 690 Oe was derived, accompanied with a coercive
field Hc of 1600 Oe. A training effect has also been observed with the fifth scan of the
hysteresis loop giving a HEB of 545 Oe. Similar EB behavior also shows up with smaller
magnitudes of HEB for VAN films of x = 0.5 and 0.67 (not shown here). Both the horizontal
shift of the hysteresis loop and the coercivity enhancement correspond to the characteristic
features of the exchange bias,4,5 indicating robust exchange coupling at the vertical direction
in the VAN systems. The EB phenomenon here is much stronger compared toreported LSMO
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based multilayers/nanostructures, which is typically less than 300 Oe,26-29 and also
comparable with (LSMO)l—x: BiFeO3 x nanocomposite, in which a 1000 Oe shift was
observed for x = 0.25.20

To understand the PEB effect here, M-T behavior measured in 1000 Oe of the films has been
investigated and plotted in Fig. 3(b). Systematic modulation can be seen: The magnetization of
the nanocomposite films reduces in the entire temperature regime with increasing LFO
concentration and consists of the FM LSMO volume ratio.30 The ferromagnetic transition
temperature is
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FIG. 3. (a) Magnetization hysteresis curves of LSMO0.67LF00.33 VAN film measured at 5 K
after field cooling in +1 T, (b) field cooling, and zero-field cooling magnetization versus
temperature plots for (LSMO)1—x(LFO)x VAN films.

Derived to be 200 K, 150 K, and 50 K for x = 0.33, 0.5, and 0.67, respectively, which can be
linked to strain tuning and phase boundary effect in the VAN films: As shown in Table I, with
increasing LFO molar ratio, LSMO mosaic spreads in the out-of-plane directions, which could
impact on the Mn—O—Mn bond length and angle, thus affecting the exchange energy.31,32 In
addition, insulating AFM LFO embedded in LSMO matrix could serve as energy barriers
among LSMO domains, suppressing the long-range double exchange interaction.16

A peak at Tp in ZFC M-T curves and obvious bifurcation below temperature Tirr between the
ZFC and FC curves have been observed. It has been reported that such features mostly suggest
a disordered spin-glass (SG) state,20,26,33 where Tp is close to Tirr,26 and different with
superparamagnetic systems where the magnetization of FC increases monotonously with
decreasing tempera- ture.28,34 For this case, the SG state can be linked to the competition of
the FM double-exchange and AFM super-exchange couplings at the LSMO/LFO interfaces.
As known, the G-type AFM order in LaFeO3 is not expected to pin the LSMO FM spins
because of its fully compensated spin arrangement at the interfaces,27,35,36 and the perfect
one-to-one lattice matching epitaxy between LSMO and LFO suggests that the interfacial
defects effect can be neglected. We thus ascribe the EB behavior here to be correlated with the
interfacial SG state, similar with that discussed in previous reports with
La0.7Sr0.3Mn0O3:SrMn03,28 La0.7Sr0.3Mn0O3:LaSrMnO426 layered structures, etc. In the
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(LSMO)1—x:(LFO)x films, after cooling under an applied magnetic field along the vertical
direction, frozen FM spins can be induced at the SG interfaces, giving an additional torque on
the LSMO

FM spins, which the external field has to overcome when flipping. To further confirm the role
of the frozen FM spins at the interfaces,37 the ZFC M-T curve at high magnetic field of 1 T
(shown

in Fig. 2a44 of the supplementary material) and temperature dependent HEB (Fig. 2b44) were
investigated. For LSMOO0.67LF00.33, the HEB decreases to 0 at 20 K and consists well with
the spin freezing temperature (Tf) estimated from the M-T curve.

The dependency of HEB (4a) and He (4b) on cooling field (Hcool) gives further evidence, sup-
porting the role of the interfacial frozen spins associated with the SG in the PEB. The data were
collected after field cooling from 300 K to 5 K. The HEB increases with increasing Hcool
initially and then decreases gradually, and the Hc increases in the entire regime under
investigation. This behavior normally occurs at FM/AFM interface associated with disordered
SG moments, which could be frozen at low temperatures,26,33,38,39 as reported in FM-AFM
multilayer,38 cluster-glass compounds such as Lal—xSrxCo003,40 Fe nanoparticles embedded
in iron oxide matrix,39 etc. The initial increase of HEB could be explained by increased
exchange coupling resulted from the larger number of interfacial spins frozen in the field
direction. The decrease of HEB under high magnetic field may be correlated with the Zeeman
coupling effect,27,39 which can compete with interfacial exchange coupling.

Last, composition modulated PEB can be observed in Fig. 4, showing HEB x =

0.33>HEB x=0.67 > HEB (x = 0.5) in the investigated region. This behavior might be linked
with the strain states in the systems, because of the critical role of strain on determining the
spin frustration states.28,31,41 For FM/G-type AFM, the spin frustration at the interface can
occur in both AFM and FM phases,28 thus depends on both the LSMO and LFO strain status
and their interfacial strain. Previous reports suggest that larger strain in LSMO or LFO and

smaller interfacial strain can lead to stronger spin frustration in the system.28,30,31,41
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Fig:4 cooling field effect on the exchange bias behavior. (a) HEB and (b) Hc of
(LSMO)1—x:(LFO)x VAN films as a function of the cooling field

Conclusion:-

41 As summarized, it can be expected that sample of x = 0.33 and 0.67 exhibit stronger spin
frustration than that of x = 0.5, due to the large LFO strain ( 1.16%) and small interfacial strain
(0.025%) for x = 0.33, and large LSMO strain (1.3%) together with 0.24% interfacial strain for
x =0.67. While sample of x = 0.5 has a small strain for both LSMO (0.64%) and LFO ( 0.76%)
and a larger interfacial strain (0.38%), making both LSMO FM and LFO AFM state stable and
a weak spin frustration across the interface. As is expected that systems with stronger disorder-
induced frustration will support greater ex- change bias,6,42 the strain induced spin disorder
consist well with the observed experimental results, i.e., HEB x = 0.33 > HEB x =0.67 >
HEB x = 0.5 . In addition, the slightly larger LFO pillar size ( 12 nm) in LSM0O0.67LF00.33
might also contribute to the enhancement of the HEB in it, as HEB usually increases with SG-
thickness (tSG) initially and then saturates.6,8,43 Future experiments are needed to explore the
distance-dependent magnetic profiles at the interface to get the idea of the thickness and spin
states in the disordered region.

Using unique vertically aligned nanocomposite structure design, we have demonstrated highly
textured (LSMO)1—x:(LFO)x films grown on STO substrates. By confining the FM/AFM
heterointerfaces in the vertical direction, significant exchange bias in the out-of-plane direction
for micrometer-thick VAN films has been observed, which is promising for advanced
spintronic devices application. Detailed microstructure and magnetic property analysis suggest
that the disordered spin-glass states at the LSMO/LFO interfaces related to magnetic frustration
are responsible for the EB effect, with the interfacial frozen spins giving an additional torque
on the LSMO FM spins. Systematic property modulation can be achieved by strain tuning
effect with composition control.
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