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Switching Magnetic Anisotropy of SrRuQ; by Capping-Layer-Induced
Octahedral Distortion
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Materials with large perpendicular magnetic anisotropy (PMA) are candidates for spintronic devices,
such as magnetic random-access memory, etc., due to their stable magnetic reference states. Because of
shape anisotropy, the magnetic easy axis of oxide thin films favors in-plane orientation. In this Paper,
we demonstrate a convenient means to control the magnetic anisotropy of StRuO; (SRO) ultrathin layers
from in-plane to out-of-plane by capping with nonmagnetic materials. Tuning the anisotropy is achieved
by imposition of symmetry mismatch at the interface-induced structural transition of SRO with suppressed
octahedral tilt. These results suggest a potential direction for engineering magnetic oxide thin films with
flexible tunable PMA using capping-layer-induced dissimilar symmetry.
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I. INTRODUCTION

Magnetic ultrathin layers with strong out-of-plane mag-
netization, i.e., perpendicular magnetic anisotropy (PMA),
have extremely high-value research compared to in-plane
anisotropy in magnetic recording media, spin valves, mag-
netic tunnel junctions, etc. [ 1-5]. From the practical device
point of view, it is easier, faster, and more energeti-
cally efficient for out-of-plane magnetization reversal than
in-plane magnetization reversal [6,7] using low power-
consumed optical pumping [8] and current-driven spin-
orbital torques [9,10]. Moreover, competition between
PMA and dipolar interactions enables the formation of
magnetic skyrmions with topological protection [11—13]
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and stabilization of chiral spin textures, for instance, mag-
netic iron garnets [14,15] due to the presence of interfacial
Dzyaloshinskii-Moriya (DM) interaction. The small size
and low-energy consumption of skyrmions make them
extremely promising candidates for future high-density
data storage and processing.

Many intriguing spintronic phenomena have been
discovered in transition-metal-oxide (TMO) thin films,
including the (inverse) spin Hall effect [16,17], the topo-
logical Hall effect [18-20], etc. Yet, for most magnetic
oxide films, shape anisotropy dominates over magnetoe-
lastic anisotropy, and thus the in-plane orientation of mag-
netic moment is energetically favorable. The easy axis
aligns naturally along the in-plane direction in oxide thin
films. From an application point of view, in-plane mag-
netization reversal is less desirable than the out-of-plane
one [6—10]. Thus, control of the magnetization orientation
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in oxide thin films to present PMA is an outstanding
challenge.

In strongly correlated electron systems, the magnetic
ground state is coupled to structural degrees of freedom.
Thus, by manipulating the structure via stress, the mag-
netic ground state can be affected. As an example, bulk
SrRuO; (SRO) is a ferromagnetic metal with an ordered
magnetic moment of approximately 1.6 up/Ru [21,22].
SRO is widely used as an electrode material in ferro-
electric field-effect transistors or tunneling junctions due
to its compatible crystal structure and lattice parameter
[23-25]. SRO also exhibits interesting physics and shows a
large magnetoelastic response [26,27]. Recently, nanoscale
topologically protected whirling spin texture was reported
in SRO ultrathin layers triggered by the ferroelectric prox-
imity effect [19]. The minor change of ionic displace-
ments in SRO could stabilize the emergent spin texture.
By switching the polarity of capped ferroelectrics, i.e.,
reversal of the ionic displacement, the density and thermo-
dynamic stability of magnetic skyrmionlike structures can
be reversibly controlled. These phenomena indicate that
the intriguing magnetic properties of SRO thin films are
strongly coupled with their structural parameters.

Previous work demonstrated the physical properties of
SRO single layers strongly depended on the substrate-
induced strain [28-32] and crystallographic orientations
[33,34], namely “epitaxial strain engineering.” In the
three-dimensional network of corner-sharing oxygen octa-
hedrons in perovskite oxides, the elastic strain of a thin
film modifies the bonding angle, octahedral tilt, and even
the type of rotation pattern in a nontrivial way. The degree
of electron correlations is readily changed by an alterna-
tive means—"‘symmetry engineering” through effectively
modifying the oxygen octahedral distortions [35—40]. This
effect can be imposed directly from the selected substrates,
like NdGaO; with a~a~c* rotation in Glazer notation
[36—40] or underlayers [41] by engineering the oxygen
coordination environment before thin-film growth. How-
ever, the question of how the rotation pattern transferred
from the capping layer to the bottom layer accommo-
dates the elastic stress is raised. Earlier work showed an
increase in the Curie temperature (7¢) of the SRO layer
after an SrTiO; layer is capped and attributed to the sup-
pression of octahedral rotations [42]. Here, we investigate
the magnetic anisotropy of SRO by capping a nonmag-
netic LaNiO3 (LNO) layer on top. LNO is chosen because
it exhibits an octahedral rotation of a~“a~a~ with R3c
symmetry [43], in contrast to that of bulk SRO with rota-
tion pattern a~a~ ¢ and orthorhombic lattice structure
[35-40]. Note only one coordinate axis has a different rota-
tion pattern between LNO/SRO, allowing us to simplify
the understanding of octahedral distortion effect to their
physical properties.

In this paper, we report a simple means to control the
magnetic anisotropy of SRO ultrathin films effectively

using interfacial symmetry mismatch. Capped by an ultra-
thin nonmagnetic LNO layer with dissimilar crystallo-
graphic symmetry from SRO, the magnetic easy axis of
SRO switches from in-plane to out-of-plane direction, and
the conductivity is significantly improved. Using XRD and
STEM, we show that the LNO capping layer suppresses
the oxygen octahedral tilt in SRO, even though the in-plane
epitaxial strain remains. This approach suggests a potential
direction for designing magnetic epitaxial thin films with
flexible tunable PMA using symmetry engineering.

II. EXPERIMENT AND METHODS

A. Sample growth and transport measurement

The SRO single layers and LNO/SRO bilayers are
grown on (001)-oriented STO substrates by pulsed-laser
deposition. Before thin-film deposition, STO substrates
are treated by buffered hydrofluoric acid and subsequently
annealed at 1050 °C for 2 h to produce atomically flat sur-
faces with TiO; termination. During film growth, the sub-
strate temperature is kept at 700 °C and the oxygen partial
pressure is maintained at 100 mTorr. The growth process
and layer thickness are monitored by in sitru RHEED, as
shown in Fig. 1(a). The thickness of the SRO layer is 12
u.c. (approximately 5 nm) in order to keep a good conduc-
tivity and magnetization. A 6-u.c.- (approximately 2 nm)
thick LNO layer is deposited on top of the SRO layer to
study the interfacial symmetry effect. For neutron reflectiv-
ity measurements, the thickness of the LNO capping layer
is 25 u.c. (approximately 9 nm). X-ray reflectivity (XRR)
measurements are performed to check the layer thick-
ness. The morphologies of STO substrates and as-grown
samples are measured by an atomic force microscope
(MFP-3D, Asylum Research). Atomic-force-microscopy
measurements confirm the terraced surfaces on the as-
grown samples (see Fig. S1 in the Supplemental Material
[44]). The good crystallinity of our samples is confirmed
by XRD 6-26 and rocking-curve scans. The crystallo-
graphic symmetry of SRO layers is examined by XRD
reciprocal space mapping (RSM) [44]. Electrical transport
measurements are performed using a physical property
measurement system (PPMS). The magnetic properties of
our samples are recorded using a superconducting quan-
tum interference device (SQUID) magnetometer equipped
with a rotational stage in the vacuum cryostats.

B. High-resolution STEM measurements

SRO single layer and LNO/SRO bilayer specimens are
prepared by standard focused-ion-beam lift-out technique.
The LNO/SRO bilayer is measured using a JEM ARM
200F transmission electron microscope at Eyring Mate-
rials Center of Arizona State University. A SRO single
layer is investigated using a JEM ARM 200CF micro-
scope at the Institute of Physics of Chinese Academy of
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FIG. 1. Growth and structural characterization of the
LaNiO3/SrRuO; (LNO/SRO) bilayer. (a) RHEED oscillations
monitored during film growth. One oscillation represents the
deposition of one u.c. (b) Atomic resolution STEM HAADF
image of the LNO/SRO bilayer grown on a STO substrate
observed along the [100] orientation. Red arrows marked the
positions of the heterointerfaces. (¢){f) STEM EELS maps for
LaNi-L, 3, Ru-My s, Sr-L, 3, O-K edges, respectively, acquired
from an orange rectangle area marked in (b). (g) Mixed-color
EELS map with the integrated intensities from all elements.

Sciences. Both electron microscopes operate at 200 kV
and are equipped with double spherical aberration (Cs)
correctors. The atomic resolution high-angle annular dark
field (HAADF) and annular bright-field (ABF) images
are obtained for both samples. STEM electron energy-
loss spectroscopy (EELS) measurements are conducted on
the LNO/SRO bilayer. The elemental-specific EELS maps
have are produced by integrating the signals from inter-
ested regions after background subtracting using a power
law.

C. Polarized neutron reflectivity measurements

A polarized neutron reflectometry (PNR) experiment
on the LNO/SRO bilayer is performed on the Magnetism
Reflectometer (BL-4A) at Spallation Neutron Source
(SNS) of Oak Ridge National Laboratory (ORNL). The
bilayer is field cooled to 25 K with an in-plane mag-
netic field of 1 T. The neutron reflectivity is recorded as
a function of the scattering vector, ¢ =4msin(6;)/A, for
the spin-up (R™) and spin-down (R™) polarized neutrons,
where A is the neutron wavelength, and 6; is the inci-
dent angle, respectively. The difference between neutron
reflectivities from R* and R~ is a non-zero value related

to the magnetization depth profile. SA is calculated by
(RT—=R7)/(RT + R™). The PNR data is fitted using a chem-
ical depth profile obtained from XRR fitting. We use NIST
Refl1D program to fit all reflectivity data [45].

ITI. RESULTS AND DISCUSSION

A. Rotating the magnetic anisotropy of SRO ultrathin
films

An atomic resolution STEM-HAADF image of the
LNO/SRO bilayer is shown in Fig. 1(b), confirming the
thickness of SRO and LNO ultrathin layers in design
and the epitaxial growth of the high-quality heterostruc-
ture with atomically sharp interfaces. Compositional EELS
maps obtained from the analysis of LaNi-L, 3, Ru-M4 s, Sr-
L, 3, O-K signals are shown in Figs. 1(c)—1(f), respectively.
A mixed-color EELS map with integrated intensities from
all elements is shown in Fig. 1(g). The bilayer sample
shows a uniform chemical distribution within each layer
and chemical intermixing is limited to about one-unit cell
for both SRO/STO and SRO/LNO interfaces.

Figures 2(a) and 2(b) show M-H curves of the SRO sin-
gle layer and the LNO/SRO bilayer when H||ab and H||c at
25 K, respectively. The saturation magnetizations (M) of
the SRO single layer is approximately 1.25 ug/Ru, which
is approximately 32% smaller than that of the LNO/SRO
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FIG. 2. Magnetometry measurements. (a), (b) Field-dependent
magnetization of the SRO single layer and LNO/SRO bilayer,
respectively. The magnetic field is applied along both in-plane
(H||ab) and out-of-plane (H||c) directions. (c), (d) Temperature-
dependent and field-dependent magnetization of the LNO/SRO
bilayer, respectively. Magnetization measurements are per-
formed when the magnetic field is applied at an angle of ¢ with
respect to the sample’s surface plane. Inset of (c) shows the
geometry of magnetometry measurements with different mag-
netic field directions. M-T curves are collected during the sample
warming up after field cooling at 1 kOe. M-H loops are measured
at25 K.
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bilayer (approximately 1.67 ug/Ru). Magnetic anisotropy
giving rise to the hysteresis loops is observed for both
samples. The easy axis of a SRO single layer is the
in-plane direction, which is different from other reports
[46—48]. The magnetic anisotropy of SRO thin films is
known to be complex. A slight change in the crystalline
quality (twinning domains) and chemical stoichiometry
during film growth may result in different types of crys-
talline anisotropy [46—48]. We note that the easy axis of
the LNO/SRO bilayer is in the out-of-plane direction. The
in-plane magnetization of the LNO/SRO bilayer is not sat-
urated even for a magnetic field at 7 T. Apparently our
results show the magnetic anisotropy of the SRO layer
is changed by capping with an ultrathin LNO layer. The
strong magnetic anisotropy of the LNO/SRO bilayer is
further confirmed by conducting the magnetization mea-
surements with rotational magnetic fields. As shown in the
inset of Fig. 2(c), the schematic setup indicates the mag-
netic field is applied at an angle of ¢ with respect to the
[010] plane of the sample. Figure 2(d) shows the square-
ness of the magnetic hysteresis loops becomes significant
with increasing ¢. When ¢ =30, 45, and 60°, the double
hysteresis loops are observed in the LNO/SRO bilayer. The
striking magnetic behavior suggests that the LNO/SRO
bilayer may have different magnetic regions that respond
differently as magnetic field increases.

Previous work showed the magnetic ground states
depended on the interfacial structural symmetry by revers-
ing the growth sequence [49]. Therefore, we investigate
the structural and magnetic properties of a SRO layer with
a LNO layer grown underneath (see Fig. S2 in the Sup-
plemental Material [44]). The M, and T¢ of the LNO/SRO
bilayer are almost the same as those of a SRO single layer,
indicating the crystallographic symmetry and rotation pat-
tern of the LNO ultrathin layer are similar to those of a
STO substrate and have the same effect to the physical
properties of SRO.

B. Enhanced electrical conductivity in the capped SRO
ultrathin layer

The influence of the capping layer on electrical trans-
port of the bilayer is investigated by comparing the
temperature-dependent sheet resistances of the SRO single
layer and the LNO/SRO bilayer (see Fig. S3 in the Supple-
mental Material [44]). The thickness of the LNO capping
layer is only 6 u.c., and thus is expected to be highly
insulating [50-53]. A kink in the R-T curves at approxi-
mately 150 K, corresponding to the 7¢ of SRO, is observed
in the R-T curves of both the SRO single layer and the
LNO/SRO bilayer. We find the T¢ significantly reduces
from 138 K for a SRO single layer to about 130 K for
the LNO/SRO bilayer, which is consistent with our mag-
netization measurements [Fig. 2(c)]. The sheet resistance

of the LNO/SRO bilayer reduces to half of the SRO sin-
gle layer’s value. We also measured the sheet resistances
of both samples at 7 T for H||c. The magnitude of mag-
netoresistances (MR) of the LNO/SRO bilayer is smaller
than that of the SRO single layer. The reduction of resistiv-
ity and T¢ in capped SRO is similar to the compressively
strained SRO single layers [28,31,32], which is normally
attributed to the structural-distortion-induced reduction of
spin-dependent scattering. It is notable that the magnetic
easy axis of the LNO/SRO bilayer aligns along the out-of-
plane direction, and thus a smaller MR for the LNO/SRO
bilayer is expected.

C. Identifying the magnetic origin in the LNO/SRO
bilayer using XMCD and PNR

The magnetization depth profile across the LNO/SRO
bilayer is determined quantitatively by PNR [54,55]. For
the PNR experiment, we study an LNO/SRO bilayer with
a LNO thickness of 25 u.c. (approximately 9 nm). The
larger LNO thickness facilitates a larger scattering con-
trast. Magnetometer data indicate the LNO/SRO bilayers
with different LNO thicknesses show the same magnetic
anisotropy and saturation moment. As shown in the inset of
Fig. 3(d), a maximum magnetic field of 1 T is applied along
the in-plane direction during sample cooling and through-
out the PNR measurements. Figure 3(a) shows the specular
neutron reflectivity, Rpxgr, of the LNO/SRO bilayer as a
function of ¢ at 25 K. PNR data are normalized to the
asymptotic value of the Fresnel reflectivity, Ry = 167%/¢*.
The open and solid symbols represent the reflectivities for
the neutrons with spins parallel (R™) or antiparallel (R™)
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I o R exp. Rfit ( )6 ;‘
< ' e B
£ ; 2 9
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q(A'1) Distance from substrate (nm)
FIG. 3. PNR measurement. (a) Reflectivity curves for spin-up

(R™, open circles) and spin-down (R™, solid circles) polarized
neutrons are plotted as a function of wave vector g. The reflec-
tivity is normalized to the Fresnel reflectivity Rr. Dashed and
solid lines are fitted curves to the experiment data. (b) Spin asym-
metry [SA = (RT—R7)/(R*+ R™)] derived from experiment data
and fitted curves is plotted as a function of wave vector g. (c), (d)
Neutron scattering-length density and magnetization depth pro-
files of the LNO/SRO bilayer, respectively. The magnetization
is calculated from magnetic scattering-length density (MSLD) of
the sample. Inset of (d) indicates the geometry of the PNR setup.
PNR measurements are performed at 25 K under a magnetic field
of 1 T. Magnetic field is applied along the in-plane direction.

034033-4



SWITCHING MAGNETIC ANISOTROPY OF SrRuOs. ..

PHYS. REV. APPLIED 13, 034033 (2020)

to the applied field, respectively. The g-dependent splitting
between the R and R~ indicates the depth-dependent net
moment in the LNO/SRO bilayer. Figure 3(b) shows the
g-dependent SA. Open symbols represent the experimental
data, the solid line is the best fit. Figures 3(c) and 3(d) show
the nuclear scattering-length density (NSLD) and magne-
tization profiles of the LNO/SRO bilayer, respectively. We
obtain Mgro = (0.36 = 0.02) up/Ru, which agrees with the
SQUID results shown in Fig. 2(b). From the PNR data,
the magnetization exists exclusively in the SRO layer and
the LNO layer does not have an in-plane-oriented magnetic
moment.

Previous work has shown that interfacial interaction
between transition metal oxides can induce a complex
magnetic structure in a nonmagnetic material [56-59]. A
profound interfacial magnetism in the paramagnetic LNO
layers was reported in LNO/LaMnQOj; superlattices [56].
Therefore, the contribution of Ni ions to the overall mag-
netization of the LNO/SRO bilayer should be identified.
We collect x-ray absorption spectroscopy (XAS) and x-ray
magnetic circular dichroism (XMCD) spectra near the Ni
L edges at 25 K (see Fig. S4 in the Supplemental Material
[44]). The XAS spectra indicate the oxidization state of Ni
ions is 43, indicating that charge transfer at the interfaces
is negligible. Meanwhile, a nearly zero dichroic signal is
observed at Ni L edges, consistent with a lack of moment
in the LNO layers.

D. Structural transition and suppressed octahedral tilt
in the LNO/SRO bilayer

To understand the correlation between the local struc-
tural variations and physical ground states of SRO layers,
we perform the RSM and STEM ABF measurements on
the SRO single layer and the LNO/SRO bilayer. From
the RSM results in Fig. 4(a), we calculate the pseudocu-
bic out-of-plane lattice parameter elongates to 3.95 A for
the SRO single layer, which is slightly larger than its bulk
value (approximately 3.928 A) [22] due to the substrate’s
in-plane compression. Although both samples are coher-
ently strained to the STO substrate, the diffraction peak
from the capped SRO layer shifts to a lower ¢,, indi-
cating the out-of-plane lattice parameter of the capped
SRO layer increases to 3.971 A. The RSMs around the
substrate’s (103) reflections of the SRO single layer are
recorded by successively rotating the sample by 90° with
respect to the film’s surface normal. We observe the spac-
ings of film peaks (marked by black arrows) with respect
to the substrate’s peak position are different in the SRO
single layer [26]. After capping an ultrathin LNO layer on
the SRO layer, the film’s peak spacings are nearly iden-
tical [Fig. 4(b)]. These results suggest the structure of
the SRO layer is distorted by changing crystallographic
symmetry.

(b)
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FIG. 4. Reciprocal space maps (RSMs) of an SRO single layer
and a LNO/SRO bilayer. (a), (c) Schematics of a SRO single
layer and a LNO/SRO bilayer, respectively. RSMs of (b) a SRO
single layer and (c) a LNO/SRO bilayer, respectively. RSMs
are taken around the substrate’s 103 reflection are measured by
azimuthally rotating the sample with a step size of 90° with
respect to the surface’s normal. All layers are coherently strained
to the STO substrate with the same in-plane lattice parameter.
The positions of the film’s peak with maximum intensity are
marked by black arrows in each panel.

More evidence of local structural distortion in SRO is
provided by STEM characterizations. Figure 5(a) shows
the ABF STEM image of a SRO single layer. The top
layers with a thickness of 3—5 u.c. are damaged during
the sample preparation and ion-milling process. We can
determine that the SRO single layer exhibits a slightly
tilted RuOg octahedra, as illustrated by the schematic
in Fig. 5(b). In comparison, the RuOg octahedral tilt is
strongly suppressed after the SRO layer is capped by an
LNO layer [Figs. 5(d) and 5(e)]. We perform a quanti-
tative analysis of ABF STEM images, which help us to
probe the projection of oxygen atoms along the [100]
zone. As shown in Fig. 5(b), we find that the RuOg
octahedral tilt towards the in-plane direction and the tilt
is opposite for the neighboring unit cells. Figure 5(c)
shows the Ru—O—Ru bond angle Sry,—o0—ry 1S around
(174 4+ 1.8)° in the SRO single layer. However, the aver-
aged Brue—o—ru 1S close to space before and after 180°
in the SRO layers after it is capped with LNO, incon-
sistent with that of Sri—o—i in the STO substrate. We
attribute the strong suppression of octahedral tilt in the
SRO layer to being triggered by crystallographic symmetry
change [22,60,61]. However, to explore the exact sym-
metry of ultrathin SRO layers is extremely difficult. The
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(a) FIG. 5. Tetragonal SrRuO; ultrathin layer
R achieved by capping. (a), (d) ABF STEM images
20 of a SRO single layer and a LNO/SRO bilayer
—e, E grown on the STO substrate, respectively. (b), (e)
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symmetry of a SRO ultrathin single layer could be mono-
clinic [30,46] or orthorhombic [59]. Both RSM and STEM
results suggest the capped SRO layers are most likely to
be the tetragonal structure. Similar results were reported
earlier [62—65]. In the SRO single layers, the structural
transition from the orthorhombic (or monoclinic) phase
into a tetragonal phase was achieved at either high tem-
peratures [62] or under a large tensile strain [63,64]. In
the superlattices composed of Pry ;Cag3MnO3; and SrRuO3
[65], the SRO interlayers were shown to change their crys-
tal symmetry from the bulklike orthorhombic structure to
a tetragonal variant when the PCMO layer thickness was
increased from 1.5 to 4 nm. Our work provides an effec-
tive approach to modify the tetragonality of the SRO layer
at the room temperature by adding an ultrathin capping
layer.

Changing crystallographic symmetry modifies the octa-
hedral parameters effectively. The SRO layers are coher-
ently grown on the STO substrates, and thus the in-plane
lattice parameter of SRO in both samples are the same.
The STEM results clearly show the suppression of RuOg
octahedral tilt after capping a LNO layer, resulting in the
elongation of c-axis lattice parameter of SRO, consistent
with RSM results. Early experiments have proven that
anisotropic reduction in the orbital overlap in distorted
octahedrons would lead to a strong anisotropic reduction in
the crystal field. In our work, changes of the out-of-plane
strain state alters the Ru spin configuration by changing
the electron occupation of #,, orbitals [33,34]. As shown in
Figs. 2(a) and 2(b), the spin moment in SRO increases after
capping a LNO, suggesting the magnitude of the #,, split-
ting reduces. This simple model explains the enhanced M,

M-0-M

observed in the LNO/SRO bilayer compared with that of a
SRO single layer. Furthermore, the switching of magnetic
anisotropy can be attributed to the crystallographic sym-
metry change of the SRO layer. Spin moments in SRO
energetically favor being aligned along the out-of-plane
direction in the tetragonal symmetry, resulting in an effec-
tive rotation of magnetic easy axis. This behavior is similar
to earlier works [30,36,41]. By increasing the layer thick-
ness of SRO, altering substrates with different rotation
patterns, or heterostructuring underlayers with modified
oxygen coordination environment, the magnetic easy axis
of SRO rotates in response to the symmetry change. These
observations demonstrate that the spin-orbital interaction
of the SRO layer is sensitive to the small distortion in
the octahedral structures. Finally, the enhancement of the
conductivity in SRO layers originates from two contribu-
tions, spin-dependent scattering and electron correlation.
Below the Curie temperature, spin-dependent scattering is
reduced in the LNO/SRO bilayer when the magnetization
is enhanced along the out-of-plane easy axis. Enhanced
conductivity above the Curie temperature can be attributed
to the reduction of electron correlation as a consequence
of oxygen octahedral distortion. Therefore, the change of
physical ground state in the capped SRO layers can be well
explained by the distinct change of octahedral structural
parameters.

IV. CONCLUSION

In summary, we show that a symmetry transition of the
SRO layer with a suppressed octahedral tilt is achieved by
capping SRO with an ultrathin nonmagnetic LNO layer.
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This approach of interfacial structural modification is of
general nature and can be extended easily to other per-
ovskite oxides or strongly correlated materials with similar
crystallographic structures. Our results thus open the pos-
sibility of tailoring the interfacial structure and lattice
symmetry that has been inaccessible previously and sug-
gest a tuning knob to explore the intriguing phenomena at
the multifunctional oxide interfaces. In addition, our work
also suggests the possibility of localized controlling the
PMA in oxides with spatially patterned capping layer. This
indicates the capability after the thin-film growth, which
is inaccessible with previously reported substrate-based
approaches.

ACKNOWLEDGMENT

E.J.G. is supported by the Hundred Talents Program
from Chinese Academy of Sciences. M.R. acknowl-
edges the use of facilities within the Eyring Materials
Center at Arizona State University. This work is sup-
ported by the National Natural Science Foundation of
China (Grant No. 11974390), the National Key R&D
Program of China (Grants No. 2019YFA0308500 and
No. 2017YFA0303604), and the Key Research Program
of Frontier Sciences of the Chinese Academy of Sci-
ences (Grant No. QYZDJ-SSW-SLH020). The research at
ORNLSs Spallation Neutron Source was sponsored by the
Scientific User Facilities Division, BES, U.S. DOE.

[1] G. Binasch, P. Griinberg, F. Saurenbach, and W. Zinn,
Enhanced magnetoresistance in layered magnetic structures
with antiferromagnetic interlayer exchange, Phys. Rev. B
39, 4828 (1989).

[2] M. N. Baibich, J. M. Broto, A. Fert, F. Nguyen Van Dau, F.
Petroff, P. Etienne, G. Creuzet, A. Friederich, and J. Chaze-
las, Giant Magnetoresistance of (001)Fe/(001)Cr Magnetic
Superlattices, Phys. Rev. Lett. 61, 2472 (1988).

[3] E. B. Myers, D. C. Ralph, J. A. Katine, R. N. Louie, and
R. A. Buhrman, Current-Induced switching of domains in
magnetic multilayer devices, Science 285, 867 (1999).

[4] D. Chiba, M. Yamanouchi, F. Matsukura, and H. Ohno,
Electrical manipulation of magnetization reversal in a fer-
romagnetic semiconductor, Science 301, 943 (2003).

[5] P. Hai, S. Ohya, S. Barnes, S. Maekawa, and M. Tanaka,
Electromotive force and huge magnetoresistance in mag-
netic tunnel junctions, Nature 458, 489 (2009).

[6] C.-H. Lambert, S. Mangin, B. S. D. C. S. Varaprasad,
Y. K. Takahashi, M. Hehn, M. Cinchetti, G. Malinowski,
K. Hono, Y. Fainman, M. Aeschlimann, and E. E. Fuller-
ton, All-optical control of ferromagnetic thin films and
nanostructures, Science 345, 1337 (2014).

[71 L. M. Loong, W. Lee, X. Qiu, P. Yang, H. Kawai, M. Saeys,
J.-H. Ahn, and H. Yang, Flexible MgO barrier magnetic
tunnel junction, Adv. Mater. 28, 4983 (2016).

[8] C. D. Stanciu, F. Hansteen, A. V. Kimel, A. Kirilyuk, A.
Tsukamoto, A. Itoh, and Th. Rasing, All-Optical Magnetic

Recording with Circularly Polarized Light, Phys. Rev. Lett.
99, 047601 (2007).

[9] Arne Brataas, Andrew D. Kent, and Hideo Ohno, Current-
induced torques in magnetic materials, Nat. Mater. 11, 372
(2012).

[10] X. Qiu, P. Deorani, K. Narayanapillai, K. Lee, K.
Lee, H. Lee, and H. Yang, Angular and temperature
dependence of current induced spin-orbit effective fields in
Ta/CoFeB/MgO nanowires, Sci. Rep. 4, 4491 (2014).

[11] N. Romming, et al., Writing and deleting single magnetic
skyrmions, Science 341, 636 (2013).

[12] P.-J. Hsu, A. Kubetzka, A. Finco, N. Romming, K.
von Bergmann, and R. Wiesendanger, Electric-field-driven
switching of individual magnetic skyrmions, Nat. Nan-
otech. 12, 123 (2016).

[13] R. D. Desautels, L. DeBeer-Schmitt, S. A. Montoya, J. A.
Borchers, S.-G. Je, N. Tang, M.-Y. Im, M. R. Fitzsimmons,
E. E. Fullerton, and D. A. Gilbert, Realization of ordered
magnetic skyrmions in thin films at ambient conditions,
Phys. Rev. Mater. 3, 104406 (2019).

[14] C. O. Avci, A. Quindeau, C. Pai, M. Mann, L. Caretta, A.
S. Tang, M. C. Onbasli, C. A. Ross, and G. S. D. Beach,
Current-induced switching in a magnetic insulator, Nat.
Mater. 16, 309 (2017).

[15] S. Vélez, J. Schaab, M. S. Wornle, M. Miiller, E.
Gradauskaite, P. Welter, C. Gutgsell, C. Nistor, C. L.
Degen, M. Trassin, M. Fiebig, and P. Gambardella, High-
speed domain wall racetracks in a magnetic insulator, Nat.
Commun. 10, 4750 (2019).

[16] Z. Qiu, T. An, K. Uchida, D. Hou, Y. Shiomi, Y. Fujikawa,
and E. Saitoh, Experimental investigation of spin Hall effect
in indium tin oxide thin film, Appl. Phys. Lett. 103, 182404
(2013).

[17] 1. Hajzadeh, B. Rahmati, G. R. Jafari, and S. M. Mohseni,
Theory of the spin Hall effect in metal oxide structures,
Phys. Rev. B 99, 094414 (2019).

[18] J. Matsuno, et al.,, Interface-driven topological Hall
effect in SrRuO;-SrIrO3 bilayer, Sci. Adv. 2, ¢1600304
(2016).

[19] L. Wang, et al., Ferroelectrically tunable magnetic
skyrmions in ultrathin oxide heterostructures, Nat. Mater.
17, 1087 (2018).

[20] Q. Qin, L. Liu, W. Lin, X. Shu, Q. Xie, Z. Lim, C. Li, S. He,
G. M. Chow, and J. S. Chen, Emergence of topological Hall
effect in a SrRuO; single layer, Adv. Mater. 31, 1807008
(2019).

[21] 1. I. Mazin and D. J. Singh, Electronic structure and mag-
netism in Ru-based perovskites, Phys. Rev. B 56, 2556
(1997).

[22] J. M. Rondinelli, N. M. Caffrey, S. Sanvito, and N. A.
Spaldin, Electronic properties of bulk and thin film SrRuOs:
Search for the metal-insulator transition, Phys. Rev. B 78,
155107 (2008).

[23] H. Wu, Y. G. Zhan, and W. Z. Shen, Quantum effect
on SrRuO;/BaTiO3;/SrRuOs ferroelectric ultrathin film
capacitor, Ferroelectrics 401, 246 (2010).

[24] H. Cheng, Z. Liu, and K. Yao, Rectifying behavior in
Lay/3Sr;3Mn0O3/MgO/SrRuO; magnetic tunnel junctions,
Appl. Phys. Lett. 98, 172107 (2011).

[25] R. Shiaa, H. Meng, and S. N. Piramanayagam, Materi-
als with perpendicular magnetic anisotropy for magnetic

034033-7


https://doi.org/10.1103/PhysRevB.39.4828
https://doi.org/10.1103/PhysRevLett.61.2472
https://doi.org/10.1126/science.285.5429.867
https://doi.org/10.1126/science.1086608
https://doi.org/10.1038/nature07879
https://doi.org/10.1126/science.1253493
https://doi.org/10.1002/adma.201600062
https://doi.org/10.1103/PhysRevLett.99.047601
https://doi.org/10.1038/nmat3311
https://doi.org/10.1038/srep04491
https://doi.org/10.1126/science.1240573
https://doi.org/10.1038/nnano.2016.234
https://doi.org/10.1103/PhysRevMaterials.3.104406
https://doi.org/10.1038/nmat4812
https://doi.org/10.1038/s41467-019-12676-7
https://doi.org/10.1063/1.4827808
https://doi.org/10.1103/PhysRevB.99.094414
https://doi.org/10.1126/sciadv.1600304
https://doi.org/10.1038/s41563-018-0204-4
https://doi.org/10.1002/adma.201807008
https://doi.org/10.1103/PhysRevB.56.2556
https://doi.org/10.1103/PhysRevB.78.155107
https://doi.org/10.1080/00150191003677171
https://doi.org/10.1063/1.3586242

SHAN LIN et al.

PHYS. REV. APPLIED 13, 034033 (2020)

random-access memory, Phys. Status Solid RRL 5, 413
(2011).

[26] A. Herklotz, M. Kataja, K. Nenkov, M. D. Biegalski, H.-M.
Christen, C. Deneke, L. Schultz, and K. Doerr, Magnetism
of the tensile-strain-induced tetragonal state of SrRuO;
films, Phys. Rev. B 88, 144412 (2013).

[27] A. T. Zayak, X. Huang, J. B. Neaton, and Karin M. Rabe,
Manipulating magnetic properties of STRuO; and CaRuOs3
with epitaxial and uniaxial strains, Phys. Rev. B 77, 214410
(2008).

[28] Q. Gan, R. A. Rao, C. B. Eom, J. L. Garrett, and M. Lee,
Direct measurement of strain effects on magnetic and elec-
trical properties of epitaxial SrRuOj thin films, Appl. Phys.
Lett. 72, 978 (1998).

[29] K. Terai, T. Ohnishi, M. Lippmaa, H. Koinuma, and M.
Kawasaki, Magnetic properties of strain controlled SrRuO;
thin films, Jap. J. Appl. Phys. 43, 227 (2004).

[30] M. Ziese, . Vrejoiu, and D. Hesse, Structural symmetry and
magnetocrystalline anisotropy of SrRuO; films on SrTiOs,
Phys. Rev. B 81, 184418 (2010).

[31] D. Kan, R. Aso, H. Kurata, and Y. Shimakawa, Epitaxial
strain effect in tetragonal SrRuQj thin films, J. Appl. Phys.
113, 173912 (2013).

[32] R. Aso, D. Kan, Y. Fujiyoshi, Y. Shimakawa, and H.
Kurata, Strong dependence of oxygen octahedral distor-
tions in SrRuOs films on types of substrate-induced epitax-
ial strain, Crys. Growth Des. 14, 6478 (2014).

[33] A. Grutter, F. Wong, E. Arenholz, M. Liberati, A. Vailionis,
and Y. Suzuki, Enhanced magnetism in epitaxial StRuO;
thin films, Appl. Phys. Lett. 96, 082509 (2010).

[34] A. J. Grutter, F. Wong, E. Arenholz, A. Vailionis, and Y.
Suzuki, Evidence of high-spin Ru and universal anisotropy
in SrRuOj thin films, Phys. Rev. B 85, 134429 (2012).

[35] A. Vailionis, H. Bischker, W. Siemons, E. P. Houwman,
D. H. A. Blank, G. Rijnders, and G. Koster, Misfit strain
accommodation in epitaxial ABO; perovskites: Lattice
rotations and lattice modulations, Phys. Rev. B 83, 064101
(2011).

[36] W. Lu, W. Song, P. Yang, J. Ding, G. M. Chow, and J.
S. Chen, Strain engineering of octahedral rotations and
physical properties of SrRuOs films, Sci. Rep. 5, 10245
(2015).

[37] D. Kan, M. Smada, Y. Wakabayashi, H. Tajiri, and Y. Shi-
makawa, Oxygen octahedral distortions in compressively
strained SrRuQOj; epitaxial thin films, J. Appl. Phys. 123,
235303 (2018).

[38] J. M. Rondinelli and N. A. Spaldin, Structure and properties
of functional oxide thin films: Insights from electronic-
structure calculations, Adv. Mater. 23, 3363 (2011).

[39] E. J. Moon, P. V. Balachandran, B. J. Kirby, D. J. Keavney,
R.J. Sichel-Tissot, C. M. Schleputz, E. Karapetrova, X. M.
Cheng, J. M. Rondinelli, and S. J. May, Effect of interfacial
octahedral behavior in ultrathin manganite films, Nano Lett.
14,2509 (2014).

[40] Z. Liao, M. Huijben, Z. Zhong, N. Gauquelin, S. Macke,
R. J. Green, S. Van Aert, J. Verbeeck, G. Van Tende-
loo, K. Held, G. A. Sawatzky, G. Koster, and G. Rijnders,
Controlled lateral anisotropy in correlated manganite het-
erostructures by interface-engineered oxygen octahedral
coupling, Nat. Mater. 15, 425 (2016).

[41] D. Kan, R. Aso, R. Sato, M. Haruta, H. Kurata, and Y. Shi-
makawa, Tuning magnetic anisotropy by interfacially engi-
neering the oxygen coordination environment in a transition
metal oxide, Nat. Mater. 15, 432 (2016).

[42] S. Thomas, B. Kuiper, J. Hu, J. Smit, Z. Liao, Z. Zhong,
G. Rijinders, A. Vailionis, R. Wu, G. Koster, and J. Xia,
Localized Control of Curie Temperature in Perovskite
Oxide Film by Capping Layer Induced Octahedral Distor-
tion, Phys. Rev. Lett. 119, 177203 (2017).

[43] M. Gibert, M. Viret, A. Torres-Pardo, C. Piamanteze, P.
Zubko, N. Jaouen, J. M. Tonnerre, A. Mougin, J. Fowlie, S.
Catalano, A. Gloter, O. Stephan, and J. M. Triscone, Inter-
facial control of magnetic properties at LaMnQO3/LaNiO;
interfaces, Nano Lett. 15, 7355 (2015).

[44] See Supplemental Material at http://link.aps.org/supple
mental/10.1103/PhysRevApplied.13.034033 for structural,
electrical, and electronic state characterizations.

[45] B. J. Kirby, P. A. Kienzle, B. B. Maranville, N. F. Berk, J.
Krycka, F. Heinrich, and C. F. Majkrzak, Phase-sensitive
specular neutron reflectometry for imaging the nanometer
scale composition depth profile of thin-film materials, Curr.
Opin. Colloid Interface Sci. 17, 44 (2012).

[46] S. Kolesnik, Y. Z. Yoo, O. Chmaissem, B. Dabrowski,
T. Maxwell, C. W. Kimball, and A. P. Genis, Effect of
crystalline quality and substitution on magnetic anisotropy
of SrRuO; thin films, J. Appl. Phys. 99, 08F501
(2006).

[47] G.Herranz, F. Sanchez, N. Dix, D. Hrabovsky, I. C. Infante,
J. ontcuberta, M. V. Garcia-Cuenca, C. Ferrater, and M.
Varela, Controlled magnetic anisotropy of SrRuOj3 hin films
grown on nominally exact SrTiO3; (001) substrates, Appl.
Phys. Lett. 89, 152501 (20006).

[48] G. Koster, L. Klein, W. Siemons, G. Rijnders, J. Steven
Dodge, C.-B. Eom, D. H. A. Blank, and Ma.R. Beasley,
Structure, physical properties, and applications of StRuO3
thin films, Rev. Mod. Phys. 84, 253 (2012).

[49] S. J. May, J.-W. Kim, J. M. Rondinelli, E. Karapetrova,
N. A. Spaldin, A. Bhattacharya, and P. J. Ryan, Quantify-
ing octahedral rotations in strained perovskite oxide films,
Phys. Rev. B 82, 014110 (2010).

[50] B.J. Kennedy and B. A. Hunter, High-temperature phases
of SrRuO3, Phys. Rev. B 58, 653 (1998).

[51] P. D. C. King, H. I. Wei, Y. F. Nie, M. Uchida, C. Adamo,
S. Zhu, X. He, 1. Bozovi¢, D. G. Schlom, and K. M. Shen,
Atomic-scale control of competing electronic phases in
ultrathin LaNiO3, Nat. Nanotech. 9, 443 (2014).

[52] J. Son, et al., Low-dimensional mott material: Transport
in ultrathin epitaxial LaNiO; films, Appl. Phys. Lett. 96,
062114 (2010).

[53] E.J. Guo, Y. Liu, C. Sohn, R. D. Desautels, A. Herklotz, Z.
Liao, J. Nichols, J. W. Freeland, M. R. Fitzsimmons, and H.
N. Lee, Oxygen diode formed in nickelate heterostructures
by chemical potential mismatch, Adv. Mater. 30, 1705904
(2018).

[54] M. R. Fitzsimmons, S. D. Bader, J. A. Borchers, G. P.
Felcher, J. K. Furdyna, A. Hoffmann, J. B. Kortright, I. K.
Schuller, T. C. Schulthess, S. K. Sinha, M. F. Toney, D.
Weller, and S. Wolf, Neutron scattering studies of nano-
magnetism and artificially structured materials, J. Mag.
Mag. Mater. 271, 103 (2004).

034033-8


https://doi.org/10.1002/pssr.201105420
https://doi.org/10.1103/PhysRevB.88.144412
https://doi.org/10.1103/PhysRevB.77.214410
https://doi.org/10.1063/1.120603
https://doi.org/10.1143/JJAP.43.L227
https://doi.org/10.1103/PhysRevB.81.184418
https://doi.org/10.1063/1.4803869
https://doi.org/10.1021/cg501340e
https://doi.org/10.1063/1.3327512
https://doi.org/10.1103/PhysRevB.85.134429
https://doi.org/10.1103/PhysRevB.83.064101
https://doi.org/10.1038/srep10245
https://doi.org/10.1063/1.5036748
https://doi.org/10.1002/adma.201101152
https://doi.org/10.1021/nl500235f
https://doi.org/10.1038/nmat4579
https://doi.org/10.1038/nmat4580
https://doi.org/10.1103/PhysRevLett.119.177203
https://doi.org/10.1021/acs.nanolett.5b02720
http://link.aps.org/supplemental/10.1103/PhysRevApplied.13.034033
https://doi.org/10.1016/j.cocis.2011.11.001
https://doi.org/10.1063/1.2165132
https://doi.org/10.1063/1.2359296
https://doi.org/10.1103/RevModPhys.84.253
https://doi.org/10.1103/PhysRevB.82.014110
https://doi.org/10.1103/PhysRevB.58.653
https://doi.org/10.1038/nnano.2014.59
https://doi.org/10.1063/1.3309713
https://doi.org/10.1002/adma.201705904
https://doi.org/10.1016/j.jmmm.2003.09.046

SWITCHING MAGNETIC ANISOTROPY OF SrRuOs. ..

PHYS. REV. APPLIED 13, 034033 (2020)

[55]

[56]

[57]

[58]

[59]

[60]

C. F. Majkrzak, N. F. Berk, and U. A. Perez-Salas, Phase-
sensitive neutron reflectometry, Langmuir 19, 7796 (2003).
M. Gibert, P. Zubko, R. Scherwitzl, J. iﬁiguez, and J.-M.
Triscone, Exchange bias in LaNiO3-LaMnOj3 superlattices,
Nat. Mater. 11, 195 (2012).

C. He, A. J. Grutter, M. Gu, N. D. Browning, Y. Takamura,
B. J. Kirby, J. A. Borchers, J. W. Kim, M. R. Fitzsimmons,
X. Zhai, V. V. Mehta, F. J. Wong, and Y. Suzuki, Interfacial
Ferromagnetism and Exchange Bias in CaRuO3;/CaMnO;
Superlattices, Phys. Rev. Lett. 109, 197202 (2012).

J. Nichols, X. Gao, S. Lee, T. L. Meyer, J. W. Freeland, V.
Lauter, D. Yi, J. Liu, D. Haskel, J. R. Petrie, E. J. Guo, A.
Herklotz, D. Lee, T. Z. Ward, G. Eres, M. R. Fitzsimmons,
and H. N. Lee, Emerging magnetism and anomalous hall
effect in iridate—manganite heterostructures, Nat. Commun.
7, 12721 (2016).

E. J. Guo, J. Petrie, M. Roldan, Q. Li, R. R. Desautals, T.
Chalton, A. Herklotz, J. Nichols, J. van Lierop, J. W. Free-
land, S. V. Kalinin, H. N. Lee, and M. R. Fitzsimmons,
Spatially resolved large magnetization in ultrathin BiFeOs,
Adv. Mater. 29, 1700790 (2017).

S. Thota, S. Ghosh, S. Nayak, D. C. Joshi, P. Pra-
manik, K. Roychowdhury, and S. Das. Finite-size scaling

[61]

[62]

034033-9

and exchange-bias in SrRuO;/LaNiO3/SrRuOj trilayers, J.
Appl. Phys. 122, 124304 (2017).

A. Herklotz, A. T. Wong, T. Meyer, M. D. Biegalski, H.
N. Lee, and T. Z. Ward, Controlling octahedral rotations in
a perovskite via strain doping, Sci. Rep. 6, 26491 (2016).
K. J. Choi, S. H. Baek, H. W. Jang, L. J. Belenky, M.
Lyubchenko, and C-B Eom, Phase-transition temperatures
of strained single-crystal SrRuO; thin films, Adv. Mater.
22,759 (2010).

A. Vailionis, W. Siemons, and G. Koster, Room tempera-
ture epitaxial stabilization of a tetragonal phase in ARuO;
(A =Ca and Sr) thin films, Appl. Phys. Lett. 93, 051909
(2008).

S. Das, A. D. Rata, I. V. Maznichenko, S. Agrestini, E. Pip-
pel, K. Chen, E. Pellegrin, S. M. Valvidares, H. B. Vasili, J.
Herrero-Martin, K. Nenkov, A. Herklotz, A. Ernst, 1. Mer-
tig, Z. Hu, and K. Dérr, Low-field switching of noncollinear
spin texture at Lag7Srg3MnO3;—SrRuOj; interfaces, Phys.
Rev. B 99, 024416 (2019).

M. Ziese, I. Vrejoiu, E. Pippel, A. Hahnel, E. Nikulina, and
D. Hesse, Orthorhombic-to-tetragonal transition of SrRuO;
layers in Pry;Cag3MnO3/SrRuO; superlattices, J. Phys. D:
Appl. Phys. 44, 345001 (2011).


https://doi.org/10.1021/la0341254
https://doi.org/10.1038/nmat3224
https://doi.org/10.1103/PhysRevLett.109.197202
https://doi.org/10.1038/ncomms12721
https://doi.org/10.1002/adma.201700790
https://doi.org/10.1063/1.5004130
https://doi.org/10.1038/srep26491
https://doi.org/10.1002/adma.200902355
https://doi.org/10.1063/1.2967878
https://doi.org/10.1103/PhysRevB.99.024416
https://doi.org/10.1088/0022-3727/44/34/345001

	I. INTRODUCTION
	II. EXPERIMENT AND METHODS
	A. Sample growth and transport measurement
	B. High-resolution STEM measurements
	C. Polarized neutron reflectivity measurements

	III. RESULTS AND DISCUSSION
	A. Rotating the magnetic anisotropy of SRO ultrathin films
	B. Enhanced electrical conductivity in the capped SRO ultrathin layer
	C. Identifying the magnetic origin in the LNO/SRO bilayer using XMCD and PNR
	D. Structural transition and suppressed octahedral tilt in the LNO/SRO bilayer

	IV. CONCLUSION
	ACKNOWLEDGMENT
	. References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


