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ABSTRACT: The magnetic properties of the all-oxide multiferroic
heterostructures composed of orthorhombic YMnO3 (YMO) with E-type
antiferromagnetic and double-exchange ferromagnetic (FM) La0.6Sr0.4MnO3
(LSMO) were studied. An orientation-modulated exchange bias effect, which
is related to the interfacial Mn−O−Mn bond angle, was discovered. Because
of the large bond angle in YMO/LSMO(100) heterostructures, a strong
exchange coupling at the interface is formed. This strong exchange coupling
sustains an FM phase in YMO at the interface region. The FM phase with
strong magnetocrystalline anisotropy contributes to the vertical shift and
exchange bias effect in (100) orientation heterostructures. When LSMO
(110) and (111) were layered with YMO, the Mn−O−Mn bond angle was
reduced, leading to a weakened exchange coupling at the interface, and only a
relatively small exchange bias at low temperatures was visible.
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■ INTRODUCTION

Oxide interface, a profusion field of new physics and novel
functionalities, is now a key ingredient of new concepts of
electronic devices. In this artificial structure, the strong
correlations between charge, spin orbital, and lattice degree of
freedom lead to fascinating physical properties.1−3 The novel
states appearing at the all-oxide interfaces are often completely
different from those of the corresponding bulk materials.
Among these artificial structures, the multiferroic-based
heterostructures are particularly spectacular for the magnetic
and ferroelectric orders that are integrated together, and it
offers an effective route for new generation spintronic and
optic−electronic devices.4−6 So far, the exchange bias (EB),
known as a result of interfacial magnetic coupling and pining
effects,7 has been used in many applications, like read heads in
magnetic storage or spin valves.8 Despite its wide use, EB is not
completely understood,8,9 especially the interfacial construction
and coupling.10 Much of the research on interfacial coupling in
multiferroics-based heterostructures had emphasized that the
interface reconstruction plays the key role in determining the
coupling mechanism.11 As an example, when the antiferro-
magnetic layers with different crystal orientations are selected,
the magnetic properties of the heterostructures are completely
different because there may exist compensated and uncompen-
sated magnetic planes.12 Furthermore, in the ferromagnetic/
multiferroic systems, the interfacial construction could be
modulated by an extra freedom of ferroelectric order, providing
an effective way in mediating the magnetotransport properties
by electric fields.13,14

Incorporating magnetic ordered multiferroic oxides, such as
orthorhombic YMnO3

15,16 (YMO) and TbMnO3,
17,18 together

with linear ferromagnets like La0.7Sr0.3MnO3 and Co,19 has
drawn considerable attention recently. Multiferroic YMO, with
its perovskite structure, exhibits unique and complex spin
orders and belongs to the category with strong magnetoelectric
coupling effect. The symmetric exchange stricition mode20

induced polarization is not only larger than that of the others in
the o-RMnO3 systems but also makes available magnetic-field-
modulated polarization, which offers new perspectives to
exploit exchange coupling in multiferroic heterostructures.21,22

In this work, we studied the EB effect in the heterostructures
composed of multiferroic YMO with E-type antiferromagnetic
(AFM) and double-exchange ferromagnetic (FM)
La0.6Sr0.4MnO3 (LSMO). Because both layers are manganites,
a large exchange coupling can be expected because of the
Mn3+−O2−−Mn4+ double exchange interaction at the interface
of YMO/LSMO. Moreover, by strain engineering, YMO with
different crystal orientations has been fabricated on LSMO/
SrTiO3 substrates. Thus, completely different interface
structures can be formed in those heterostructures ,and
interface structure modulated EB effect was achieved.

■ EXPERIMENTAL DETAILS
The fabrication of YMO films is essential for devices applications as
the bulk orthorhombic RMnO3 samples with smaller R ions (R = Y
and Ho−Lu) can only be synthesized under high oxygen pressure.21

For the epitaxial growth of the YMO thin films with different crystal
orientations, the choice of suitable substrates is the critical point. The
lattice parameters of bulk YMO are a = 5.240 (3.706) Å, b = 5.797
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(4.099) Å, and c = 7.361 (3.681) Å in the space group of Pbnm.23 The
values in the parentheses indicate those reduced to the cubic setting,
namely a/√2, b/√2, and c/√2.24 The lattice parameters meet with
the SrTiO3 (STO) substrate properly with the lattice misfit smaller
than 6% in all orientations.
Through the lattice match of STO single substrates, the

heterostructures composed of the ferromagnetic LSMO and multi-
ferroic YMO were fabricated by radio frequency sputtering. The
LSMO layer was first deposited on the STO substrate. During growth,
the substrate temperature was kept at 810 °C in a mixed atmosphere
with argon (50 sccm) and oxygen (30 sccm). For the fabrication of
YMO layer, the growth conditions were changed to a substrate
temperature of 830 °C and a mixture of argon (100 sccm) and oxygen
(30 sccm). The crystal structures were analyzed by X-ray diffraction
(XRD) and transmission electron microscopy (TEM), respectively.
Magnetic properties were measured using a Quantum Design
magnetic property measurement system (MPMS).

■ RESULTS AND DICUSSION
Figure 1 shows the X-ray diffraction patterns corresponding to
the YMO/LSMO heterostructures deposited on (100)-, (110)-,

and (111)-oriented STO. Because of the close lattice
parameters of LSMO (3.880 Å) and STO (3.905 Å), their
diffraction peaks coincide. No impurity phase was observed for
any orientation samples. From the diffraction patterns, the out-
of-plane texture is YMO(001)/LSMO(100)/STO(100),
YMO(100)/LSMO(110)/STO(110), and YMO(101)/
LSMO(111)/STO(111). The heteroepitaxial growth was
further confirmed by examining the φ scans and tilt scans as
shown in Figure 1d−f. The patterns of φ scan were obtained by
keeping the Bragg angle at (112), (112), and (200) with the 2θ
angle of 32.4, 32.4, and 34.3° for (001)-, (100)-, and (101)-
oriented YMO, respectively. In the tilt scans, the corresponding
planes for different oriented YMO were collected. Symmetric
X-ray reciprocal space maps (RSM) around (100), (110), and
(111) reflections for the three orientation heterostructures were
collected, as shown in Figure 1g−i. In the RSM, the spots of the
LSMO can hardly be seen because of the small thickness (8
nm). The spots corresponding to YMO and STO appear at
virtually the same in-plane reciprocal space parameters,

indicating that the YMO layer initially grows with the in-
plane lattice parameter of the STO. These results can thus be
referred to the strain-induced growth.
TEM was performed to investigate the microstructure at the

YMO/LSMO interfaces. Figure 2 shows the high-resolution

TEM (HRTEM) image and selected-area electron diffraction
(SAED) of the YMO/LSMO heterostructures with different
crystal orientations. The images clearly indicate the formation
of YMO on the LSMO layer with well-defined and clear atomic
interfaces. In addition, the epitaxial relationships of these
heterostructures are further confirmed by the corresponding
SAED patterns, as shown in Figure 2d−f. In Figure 2d, with the
same situation as that in XRD caused by the close lattice
parameters, the diffraction points of LSMO and STO substrates
are overlapped. The crystal zone axis of LSMO and YMO is
[001] and [110], respectively. Thus, the epitaxial relationship is
YMO(001)[110] ∥ LSMO(100)[001]. For the other two
orientations, the epitaxial relationships are YMO(100)[010] ∥
LSMO(110)[11 ̅0] and YMO(101)[010] ∥LSMO(111)[1 ̅01,]
respectively.
Figure 3a shows the typical magnetization loops of YMO(50

nm)/(100)-LSMO(12 nm) heterostructure with an in-plane
magnetic field of 2 T (red) and −2 T (black) cooling from 350
to 5 K. As a comparison, the M−H loop of a single 12 nm thick
LSMO layer (blue) in Figure 3a and 50 nm thick YMO layer
(green) in Figure 3b are also shown. The heterostructure
exhibits a clear enhancement of coercive field (HC ≈ 660 Oe)
as compared to that of a single LSMO layer (HC ≈ 300 Oe) at
low temperatures. Vertical and horizontal shifts occurred, and
the shift directions are opposite to themselves when the cooling
field is changed from 2 to −2 T. As expected from the
conventional EB effect, the shift of the hysteresis loop depends
on the coupling mechanism at the interface, namely, opposite
to the cooling field direction for ferromagnetic coupling and in
the same direction to the cooling field for antiferromagnetic
coupling. In this system, the pinned and uncompensated spins
at the FM and AFM layer are ferromagnetic coupling as the
shift of the hysteresis loop is opposite to the direction of the
cooling field.10,25 Besides, the vertical shift of the M−H loops is
also observed, which has the same sign as the cooling field
shown in Figure 3b. The temperature dependence of the
vertical shift is shown in Figure 3c; a shift of ∼0.15 μB/Mn is
visible at 5 K. With the increase of temperature, the shift
decreases and finally disappears around 50 K. This vertical shift
was also reported in Paul’s work, which is induced by the

Figure 1. XRD θ−2θ patterns of the YMO/LSMO heterostructures
on (a) (100)-, (b) (110)-, and (c) (111)-oriented STO. Data from φ
scans of YMO (d) (112) for (002) orientation, (e) (112) for (200)
orientation, and (f) (200) for (101) orientation. Insets are the
corresponding tilt scans for different orientations. Symmetric RSM of
YMO/LSMO heterostructures on (g) (100)-, (h) (110)-, and (i)
(111)-oriented STO.

Figure 2. HRTEM images of the interface between YMO and LSMO
layers on (a) (100), (b) (110), and (c) (111) STO substrates.
Corresponding SAED patterns of the heterostructures on (d) (100),
(e) (110), and (f) (111) STO substrates.
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formation of ferromagnetic phase with strong magneto-
anisotropy in the YMO side at the interface.15,16,26

The temperature dependence of EB effect and coercive field
for both the LSMO/YMO heterostructures and single LSMO
layers are shown in Figure 3d. The EB effect in the
heterostructures presents strong temperature-dependent be-
havior and disappears around 45 K, whereas almost no EB
effect is visible in the LSMO single layer. This trend is
consistent with the temperature dependence of vertical shift,
indicating that the horizontal and vertical shifts are correlated
to each other. These effects indicate that the YMO layer
exhibits a strong magnetic anisotropy at low temperatures and
pinned the magnetization moment of the LSMO layer.27−29

As mentioned above, the YMO layer plays an important role
in the EB field and the enhanced coercive field in the (100)
oriented heterostructure. What is the situation in hetero-
structures with other orientations? To further understand the
roles of interfacial structure on the coupling, heterostructures
with different crystal orientations were fabricated and measured
under the same conditions, and the M−H loops are shown in
Figure 4. For all the orientations, the measured saturation
magnetization of ∼3.6 μB/Mn is close to the theoretical value of
3.4 μB/Mn, but significant differences appear in the coercive
and EB field. For the (100) orientation, a large HC (660 Oe,
twice of the value in the (110)- and (111)-oriented samples) is
observed, reflecting the difference in the effective magnetic
anisotropy. Meanwhile, an obvious EB effect can be observed in
the (100)-oriented sample, whereas almost no EB effect
appears in the (110) and (111) orientations.
For the interfacial coupling, the EB effect is thickness-

dependent with the relation of HEB = JEB/μOMFtF,
8 where JEB is

the interfacial exchange energy and tF and MF the thickness and
saturation magnetization of the ferromagnetic layer, respec-
tively. The heterostructures with different crystal orientations
are shown in Figure 5. A clear thickness dependence of EB
effect is observed in the (100)-oriented heterostructures. The
EB field in the (100)-oriented heterostructures with different
thicknesses decreases with the increasing temperature and

disappears around the Neél temperature. The inverse depend-
ence of the EB field with the increasing thickness in the (100)-
oriented heterostructures is in good agreement with previous
reports on the conventional EB system.8 For the (110) and
(111) orientations, the temperature and thickness dependence
of the EB effect are quite different. The values of EB fields are
much smaller than that of (100) orientation, and the
disappearing temperature of EB effect is far below the Neél
temperature. For the (110) orientation, the magnitude of the
EB field is close to 10 Oe, which is quite small compared to the
corresponding value of the (100) orientation (∼130 Oe).
Although an EB field of ∼50 Oe was obtained in the (111)
orientation heterostructure, it sharply decreases when the
temperature increases to 10 K.
In most of the existing models, an uncompensated AFM

interface is a prerequisite for the emergence of EB effect.
Therefore, E-type AFM, where all the nearest-neighboring spins
at the AFM/FM interface are compensated by each other, is
not expected to pin the FM spins via an exchange coupling.
However, it should be noted that a vertical shift of the M−H
loops in Figure 3b,c is indeed observed. These observations
clearly indicate the formation of an FM phase of YMO side at
the interface region.15,16 To further clarify the interfacial
coupling, the interface structure of the heterostructures is

Figure 3. (a) M−H loops of a YMO/(100)-LSMO heterostructure
and a single LSMO layer measured along the [001] direction at 5 K
after field cooling from 350 K. (b) M−H loops of a YMO/(100)−
LSMO heterostructure and a single YMO layer. Temperature
dependence of the (c) vertical shift and (d) EB field in the YMO/
LSMO heterostructure and a single LSMO layer. Inset shows the
temperature dependence of coercive field.

Figure 4. M−H loops of YMO/LSMO heterostructures with different
crystal orientations.

Figure 5. Temperature dependence of EB field with different LSMO
thicknesses on STO (a) (100), (b) (110), and (c) (111) substrates.
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illustrated in Figure 6. We first consider the interface’s atomic-
stacking sequence. In (100) plane, the linear ferromagnetic

LSMO consists of stacked layers alternating between La1−xSrxO
and MnO2. YMO is composed of alternate YO and MnO2
layers in (001) plane. Because the La1−xSrxO layer is the most
stable termination with the lowest energy,16,30,31 the possible
interface is LaSrO(LSMO)−MnO2(YMO) with the MnO6
octahedra enclsosed in a cage with La on one side and Y on
the other side, as shown in Figure 6a. In the manganese oxide
system, usually there is a strong double-exchange coupling
between two next-to-nearest neighbor magnetic cations
through a nonmagnetic anion.32,33 The Mn3+−O2−−Mn4+

bond angle is a very important parameter for Manganite
perovskites. The exchange interaction increases as the Mn3+−
O2−−Mn4+ bond angle approaches 180°, and the interaction is
quite weak for 90°. For (100) orientation, the Mn3+−O2−−
Mn4+ bond angle is ∼170° so that the coupling between the
LSMO and YMO layer is very strong. When the samples are
cooling from 350 K with an external magnetic field, the YMO is
in paramagnetic state. The moments of LSMO and YMO were
pointed along the magnetic field direction. Further decreasing
the temperature across the Neél temperature of YMO, the
moments of YMO rearranged in AFM order. Meanwhile, the
LSMO will keep the FM order. Because of the strong
interaction between the Mn3+−O2−−Mn4+ bonds, the Mn3+

moment of YMO at the interface region will preserve the FM
arrangement. Moreover, the FM phase is of strong magneto-
crystalline anisotropy, which contributes to the horizontal and
vertical shifts of the M−H loops. Thus, the directions of the
vertical and horizontal shifts are determined by the initial
cooling field as shown in Figure 3b,c.
Figure 6b,c shows the interfacial atomic structures of (110)

and (111) orientations, respectively. Unlike the scenario of
(100) orientation, the Mn3+−O2−−Mn4+ bond angles are ∼140
and ∼150° for (110) and (111) orientations, respectively,
signaling the weak exchange coupling at those interfaces.

Because of the weak interface exchange coupling, the EB effects
of (110) and (111) orientations are only visible at low
temperatures, as shown in Figure 6b,c.

■ CONCLUSIONS

By epitaxial strain, the YMO/LSMO heterostructures with
different crystal orientations were fabricated by radio frequency
sputtering. An orientation-modulated EB effect, which is related
to the interfacial Mn−O−Mn bond angle, was discovered. The
larger Mn−O−Mn bond angle in YMO/LSMO(100) leads to
strong double-exchange interaction at the interface. This strong
interfacial coupling sustains the formation of FM phase with
strong magnetocrystalline anisotropy, which contributes to the
vertical shift and EB effect in (100) orientation hetero-
structures. For the (110) and (111) orientations, the weak
interfacial couplings make the EB quite small. Our results
contribute to the ability to modulate the interfacial coupling by
designing proper crystal structure and will facilitate the
development of new generation magnetoelectric devices.
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