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Heterostructures made of strongly correlated oxides host various fundamentally interesting and potentially
useful emergent phenomena. (LaMnO3),/(StMnOs),_; superlattices that consist of an A-type antiferromagnetic
insulator LaMnO; and a G-type antiferromagnetic insulator StMnO; were investigated in this work. Several very
intriguing effects were observed in such superlattices that include (1) the coexistence of a strong exchange bias
effect and a giant vertical magnetization shift in superlattices with intermediate periods, (2) an insulator-to-metal
transition associated with a change in the superlattice thickness, and (3) a large nontrivial negative magne-
toresistance around the insulator-to-metal transition. To understand these phenomena, microscopic preferential
orbital occupancy in different superlattices was studied through measurements of x-ray linear dichroism at
Mn L edges. This study facilitated the construction of a spin configuration model that takes into account the
competition between interfacial ferromagnetism and underlying canted antiferromagnetism in the superlattices
and can successfully explain the observed novel magnetic and transport properties. The phase transition and
giant vertical magnetization shift phenomena observed in this work offer additional degrees of freedom for

applications of antiferromagnetic insulator manganite-based superlattices, enabling novel device concepts.

DOI: 10.1103/PhysRevB.101.024422

I. INTRODUCTION

The rapid development of thin-film growth technologies
has allowed the control of layer-stacking structure growth
in atomic-sized levels [1]. Such structures include per-
ovskite heterostructures; perovskite layered structures provide
a unique platform for the design and engineering of oxide
interfaces with the goal of searching for unusual interfacial
electronic and magnetic properties that substantially differ
from the properties of conventional thin films [2,3]. It has
been previously discovered that metallic conductivity can be
present at interface between two electrical insulators, such
as LaAlO;/SrTiO3 and LaTiO3/SrTiOs; this discovery repre-
sents a milestone in studies of heterostructure interfaces [4,5].

In the family of perovskite manganites, LaMnOs; (LMO)
with nominal Mn>*73, e, occupancy is an insulator with strong
Mott-Hubbard or charge-transfer Coulomb correlations in
a half-filled e, band and shows an A-type orbital-ordered
antiferromagnetic (AFM) behavior at low temperatures [6];
SrMnO; (SMO) with Mn4+t§geg occupancy is a band in-
sulator with a G-type or cubic AFM order [7]. Through
dynamical mean-field theory calculation, Lin ef al. predicted
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that the LMO/SMO interface is analogous to the LTO/STO
system and should have a ferromagnetic metal state governed
by double-exchange hopping of e, electrons [8]. And, the
transport and magnetic properties of large-period LMO/SMO
superlattices have been researched rather intensively through
experiments by scientists in recent years [9-20]. In particular,
it has been found that the LMO/SMO superlattices show the
electrical and magnetic behaviors of bulk Lag7Srg3MnOj3
(LSMO) for very thin LMO and SMO layers (n = 1—2 unit
cells), but host an insulating ground state for thicker layers
(n = 3) [12]. Further, a large magnetoresistance (MR) effect
has been reported for the insulating ground state; it has been
conjectured that this MR effect originates from the coexis-
tence of the ferromagnetic (FM) and antiferromagnetic phases
[17]. However, it is still an open question whether the AFM
and FM phases actually coexist and how they affect or depend
on each other.

It is known that one can make use of the exchange bias
effect (EBE) to characterize the magnetic configuration of the
materials and check whether FM and AFM phases coexist.
The EBE is usually characterized by an asymmetric shift
in the magnetic hysteresis loop along the field axis after an
FM/AFM layered or composite system is cooled in a static
magnetic field through the Néel temperature of the AFM
component. The inevitable outcomes of the exchange interac-
tion are usually identified as either the horizontal loop shift

©2020 American Physical Society


https://orcid.org/0000-0001-9950-4628
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.101.024422&domain=pdf&date_stamp=2020-01-24
https://doi.org/10.1103/PhysRevB.101.024422

ZHOU, JI, LIN, ZHANG, BAI, CHEN, WU, AND XU

PHYSICAL REVIEW B 101, 024422 (2020)

or the coercivity enhancement [21]. Surprisingly, a vertical
magnetization shift (VMS) coexisting with the conventional
horizontal shift has been observed recently in the epitaxial
bilayer of the itinerant FM SrRuO; and the G-type AFM
Lag 3519 7FeO3 [22,23]. The VMS response, i.e., the offset of
the hysteresis loop along the magnetization axis, has rarely
been detected experimentally [24—34]. The conjunction of the
EBE with the VMS is a very interesting phenomenon because
it offers an additional degree of freedom that can be harnessed
in future spintronic device applications. As a consequence, in
recent years considerable research efforts have been initiated
to explore the key aspects of the new VMS phenomenon
[32]. Of particular note is that polarized neutron reflectivity
measurements indicate that the occurrence of the EBE and
the VMS can be attributed to both the FM and the AFM
layers [35]. In spite of those efforts, however, it is still natural
to ask whether this phenomenon is universal; it is still an
open question whether the EBE and the VMS can coexist in
LMO/SMO superlattices.

Here we report surprising transport and magnetic proper-
ties in superlattices that consist of A-type AFM insulator LMO
and G-type AFM insulator SMO sublayers, with the layer
thickness chosen delicately. A metal-to-insulator transition
due to the increase of the sublayer thickness is observed at low
temperatures. In LMO/SMO superlattices with intermediate
periods, the coexistence of strong EBE and VMS responses
as well as large negative magnetoresistances are observed.
Through x-ray linear dichroism (XLD) measurements at the
Mn L edges, the orbital reconstruction is detected with an
increase in the superlattice thickness. Following the com-
prehensive analysis of the XLD results, a spin configuration
model is proposed that takes into account complex competi-
tion between interfacial ferromagnetism and the underlying
canted antiferromagntism in the superlattices. This model is
supported by control measurements and can be used to explain
the observed transport and magnetic properties.

II. EXPERIMENTAL DETAILS

Sample preparation. Fully epitaxial superlattices of
[(LMO), /(SMO),_,1;, where n and ¢ were integers of unit
cells (u.c.) and their product was kept constant at 40 (except
for n =3, t = 13), were deposited on atomically flat SrTiO3
(001) substrates by pulsed laser deposition (PLD) techniques.
For the sake of convenience, the superlattices of LMO/SMO
studied in this work are denoted as L,S,_; in the following.
All the superlattices had LMO as the top terminating layer.
The L,S,_; superlattices with n < 2,3 <n<5, andn > 6
are denoted as short-period, intermediate-period, and long-
period superlattices, respectively, in the following. Prior to
the deposition, the substrates were etched with buffered HF
acid. During the deposition, the in situ reflection high-energy
electron diffraction (RHEED) was used to monitor the quality
of L,S,_; superlattices. The distance between the substrate
and the target was kept constant at 75 mm. The samples were
grown using a 248 nm KrF excimer laser with a frequency
of 2 Hz, at a temperature of 725°C, and under an oxygen
pressure of 100 mTorr. To avoid oxygen vacancies, which can
cause anomalous metallic behavior through electron doping,
the superlattices were annealed in sifu for 1 h under an

oxygen pressure of 300 Torr. For comparison, Lag 7519 3MnO3
(20 u.c.), LMO (40 u.c.), and SMO (30 u.c.) thin films were
also grown under the same experimental conditions as for
the growth of the L,S,,_; superlattices. Further details on the
superlattice growth were provided in Ref. [36].

Structural characterization. The crystalline orientations of
the LMO/SMO superlattices were characterized by conven-
tional x-ray diffraction (XRD) techniques. To characterize
the epitaxial structure quality and interface sharpness of the
superlattices, the scanning transmission electron microscope
(STEM) measurements using a high-angle annular dark field
(HAADF) were performed on a Titan 80-300 microscope
(FED) equipped with an aberration corrector. This setup was
used at 300 kV acceleration voltages for imaging with a
20 mrad convergence angle and a collection angle of 40-95
mrad. The in-plane magnetic measurements were performed
with a vibrating sample magnetometer in a physical propertiy
measurement system (PPMS-VSM); the out-of-plane hystere-
sis loops were measured in a superconducting quantum inter-
ference device (SQUID) over a temperature range of 5-360 K.
The hysteresis loops were obtained after subtracting the dia-
magnetic background of the STO substrates and the plastic
tube. The electrical transport measurements were performed
using a van der Pauw four-probe configuration with the Quan-
tum Design PPMS in a temperature range of 5-360 K.

Synchrotron measurement. The x-ray absorption spec-
troscopy (XAS) measurements of the Mn L edge in the su-
perlattices were performed at the beamline BLOSU1A station
of the Shanghai Synchrotron Radiation Facility (SSRF) and
the beamline BL.12B-a of the National Synchrotron Radiation
Laboratory (NSRL). The background vacuum level was 9 x
1077 Torr, and the absorption signal was detected by the total
electron yield (TEY) technique. The spectra were normalized
so that the L3 pre-edge and the L, post-edge have coincident
intensities for the two polarizations. After that, the pre-edge
spectral region was set to zero, and the peak at the L3 edge was
set to 1. The x-ray linear dichroism (XLD) is defined as the
difference in the XAS measurements with horizontal (E || a)
and vertical (E || ¢) polarizations.

III. RESULTS AND DISCUSSION

Figure 1(a) shows schematically the configuration of the
[(LMO), /(SMO), _,], superlattices studied in this work, with
LMO being the top terminating layer. It is generally accepted
that LMO bulk materials exhibit an A-type AFM ground state,
but the FM insulating behavior can be present in LMO thin
films. The origin of the ferromagnetism in the thin films is
still under debate, although vacancies and strain have been
proposed as possible origins. In LMO films thinner than
10 u.c., however, the ferromagnetism is very weak [37]. In
order to achieve similarly weak ferromagnetism in the LMO
layer, the thickness (n) of the LMO layer was kept in the 2-8
u.c. range and the cycle (¢) of the superlattices was varied from
20to 5.

Figure 1(b) presents the partial RHEED oscillating curve
during the growth process, together with the images of diffrac-
tion patterns for the bare substrate (top left) and the L4S;
superlattice (top right). The clear large-amplitude oscilla-
tion and the clear diffraction spots and streaks of the L4S3

024422-2



ORBITAL RECONSTRUCTION MEDIATED GIANT ...

PHYSICAL REVIEW B 101, 024422 (2020)

(a) )
‘ LMo e
1O (12 u, H
SM C.)
Y (-1 .c.) £ 6
Mirror L %
t LMo . = 40
* SMo ,ff][':]':) g
| MO (e £
’ [ 100 200 300 400
Time (s)
©
-~
=
&
iy
‘@
E L4S3
=
=
L3S2
L2s1
42 44 46 48 50 52 54
20 (degree)
3.10
)
— 3.05
S
=
-
3.00

» -1.00
H(r. L u)

H(r.lu)

FIG. 1. (a) Schematic view of epitaxial (LMO,,/SMO,,_;); su-
perlattices on a (001)-oriented STO substrate. (b) A partial RHEED
oscillation curve of the specular beam during the growth of the LMO
(4 u.c.)/SMO (3 u.c.) superlattice on a (001) STO substrate. The
insets are in situ RHEED patterns before and after the deposition. (c)
X-ray 6—20 scan around the (002) diffraction peak for five L,S,_;
superlattices grown on STO substrates. The first-order superlattice
reflections are denoted as SL & 1. (d) X-ray RSMs from L,S;, L4Ss;,
and LgS; superlattices around the (103) Bragg diffraction of the STO
substrates. (e) An atomically resolved HAADF-STEM image for the
L,S; superlattice.

superlattice evidently indicate layer-by-layer epitaxial growth
during the entire deposition process. Although not shown
here, the growth of other L,,S,,_; superlattices was also moni-
tored by in situ RHEED to ensure the epitaxial growth.
Figure 1(c) shows representative XRD spectra measured
with Cu-K, radiation around the (002) peaks of the STO
substrate for five L, S,_; superlattice samples. The spectra
show clear Laue fringes that provide the evidence for the
flatness of the superlattices. The satellite peaks SL £ 1 are
observed except for the L,S; sample. The presence of those
peaks indicates that the L,S,_; superlattices have smooth
interfaces. The 26 degrees of the SL + 1 peak increase as
the thickness of the superlattice decreases, which is expected
for Bragg reflections. The high-quality epitaxial structure of
the L,S,,_; superlattice samples was further verified by x-ray
reciprocal space maps (RSMs) around the (103) Bragg peak
positions. The RSM is a powerful method to quantify the

strain state, which can be identified by the intensity distri-
bution in the vicinity of the detected Bragg peak. As shown
in Fig. 1(d), the characteristic (103) diffraction peaks from
the L,S;, L4S3, and LgS7 superlattices align vertically with
the STO substrates, indicating the coherent strained growth
without any lattice relaxation.

To further support the claims of coherent epitaxial growth
and the absence of interfacial diffusion in the L,S,,_; super-
lattices, an atomically resolved high-angle annular dark field
scanning transmission electron microscopy (HAADF-STEM)
image is shown in Fig. S1 of the Supplemental Material
[38]. The L4S5 superlattice is selected for the HAADF-STEM
measurement, and the image is shown in Fig. 1(e). Layers with
atomically flat interfaces can be easily identified in this image.
As discussed in a previous report [39], the image intensity is
directly proportional to the atomic number. Thus, in Fig. 1(e)
the brighter features correspond to the LMO layers, while
the darker spots correspond to the SMO layers. Note that the
atomic numbers of La and Sr are 57 and 38, respectively.
The high quality of the LMO/SMO superlattice structures
indicated by the data in Fig. 1 allowed us to explore the
magnetic and transport properties of the superlattices, which
are presented below.

The transport and magnetic properties of (LMO),,/
(SMO),, superlattices in comparison with the perovskite
Lay;3Sr1,3MnO; alloy films have been studied previously
[12]. Short-period L,,S, superlattices are FM metals, while
long-period L,,S, superlattices exhibit ferromagnetism only
at the interface. In this work, in contrast, the transport and
magnetic properties are studied on the L,S,_; superlattices.
Figure 2(a) shows the temperature (7)) dependence of the
resistance for a series of L, S, _; superlattice samples and an
LSMO (20 u.c.) film reference sample over a temperature
range of 5-360 K. Note that the sample names are indicated
in Fig. 2(c), but not in Fig. 2(a) due to space limitation. At
the lowest temperature, the resistance increases by over 7
orders of magnitude when 7 is increased from 2 u.c. to 8 u.c.
This clearly shows a thickness-associated metal-to-insulator
transition. The transport property of the short-period L,S; su-
perlattice is quite similar to that of the LSMO film. The kinks
in the resistance curves correspond to the ferromagnetic-
to-paramagnetic phase transition near the Curie temperature
(Tt), as discussed shortly. To better demonstrate this phase
transition, we plotted the d p/dT versus temperature curves in
the inset of Fig. 2(a). It can be seen that the ¢ is 275 K for
the L,S; superlattice and 314 K for the LSMO film. Moreover,
the intermediate-period L3S, and L4S;3 superlattices undergo
the insulator-metal-insulator transition as the temperature in-
creases, as shown in Fig. 2(a) and in Fig. S2(c) of the
Supplemental Material [38]. This transition may be associated
with the complex magnetic structure in the superlattices. With
a further increase in n, the long-period L, S, _; superlattices
evidently show an insulator-type transport behavior.

Figure 2(b) shows the magnetoresistance (MR) measured
in a perpendicular magnetic field at 7 = 5 K. Here the MR
is defined as [R(H) — R(0)]/R(0), where R(H) and R(0) are
the resistance values measured in the presence of a magnetic
field H and in the absence of a field, respectively. One can see
that all the samples show negative magnetoresistances. The
insulating L4S3 superlattice shows the largest negative MR
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FIG. 2. (a) Temperature dependence of the resistance of a series of L,,S,,_; superlattice samples and the LSMO film reference sample. The
inset shows the corresponding dR/dT versus temperature curves for the L,S; superlattice and the LSMO film. (b) Magnetic field dependence of
the resistance for a series of L,,S,,_; superlattice samples (except for LgS;) and the LSMO film at 5 K. (¢c) Magnetic moments of the superlattice
samples and the LSMO film measured as a function of temperature with an in-plane magnetic field of 0.5 kOe. (d) dM/dT versus temperature

curves for the L,S; superlattice and the LSMO film.

value, which is 58%. This MR value is 5 times larger than
that of the metallic L,S; superlattice at 50 kOe. What is more,
the MR data show no saturation behavior. The negative MR is
generally attributed to the magnetic-field-induced suppression
of the coherent interference involved in weak localization. The
large MR in the L4S;3 superlattice may result from the com-
petition between the ferromagnetism at the interface and the
interlayer antiferromagnetism as discussed previously [17].
The evidence for the proximity of the AFM/FM regions is the
presence of the magnetic pinning in the L4S3 superlattice; we
will address this point in detail in the next section. Two notes
should be made about the MR data. First, the resistance of the
LgS; sample at 5 K is too high to be measured accurately and
is therefore not presented in Fig. 2(b). Second, the metallic
L,S; superlattice and the alloy LSMO film have smaller MR
values at 5 K, but they show notable MR at the metal-to-
insulator transition temperature, as shown in Fig. S2 of the
Supplemental Material [38].

Figure 2(c) gives the magnetic moments as a function of
temperature for the same samples for which the resistance
data are shown in Fig. 2(a). The data of the n = 2 superlattice
sample show an FM behavior which is very similar to that of
the alloy LSMO film. Figure 2(d) gives the dM/dT versus
temperature data for the n =2 superlattice and the alloy
LSMO film. The data indicate Tr = 277 K for the L,S;
superlattice and T = 317 K for the LSMO film. These two T¢
values agree very well with the above-cited values indicated
by the resistance data in Fig. 2(a); this consistency clearly

shows the magnetic-electrical correlation. The fact that T¢ in
the L,S; sample is lower than that in the LSMO film may
be attributed to the enhanced local disorder at the interfaces.
Thus, one can conclude that the short-period L,S; superlattice
has transport and magnetic properties similar to those of the
alloy LSMO film.

It should be noted that the transport properties of
LMO/SMO superlattices have been previously investigated as
a function of the superlattice period, and the large negative
MR has also been previously observed in intermediate-period
superlattices. However, the unambiguous magnetic structures
and the exchange bias effect in L, S,,_; superlattices are still
unknown. Taking into account this fact, we examined the
magnetization-field (M-H) hysteresis behaviors for a series
of L,S,_; superlattices. Figures 3(a)-3(e) present the main
data, which were measured after the samples were cooled
from room temperature with in-plane magnetic fields of
450 kOe. It is evident that the direction of the horizontal loop
shift is opposite to that of the cooling field for all the samples.
This result suggests the presence of the exchange bias effect
(EBE) in the L,;S,,_; superlattices. The value of the exchange
bias field can be determined as Hgg = |Hy + H_|/2, and the
coercive field can be evaluated as He = |H;. — H_|/2, where
H, and H_ denote the right and left values of the coercivity,
respectively.

However, in the intermediate-period L3S,, L4S3, and LsS4
superlattices, the saturation magnetization (My) is much larger
on the positive-field side than on the negative-field side
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FIG. 3. Magnetic hysteresis loops measured at 7 = 5 K after cooling from room temperature under different in-plane fields (50 kOe) for
(a) L,S;, (b) L3S;, (c) L4Ss3, (d) LsS4, and (e) LgS7. The green dashed lines are added for better visualization of the loop shifts. (f) Hgg (left
axis) and mygpg (right axis) of L, S, _; superlattices, with the thickness n varying from 2 u.c. to 8 u.c.

when the sample is cooled in a positive field; similarly, the
magnitude of My is much larger on the negative-field side
when the sample is cooled in a negative field. These results
clearly suggest that the directions of the horizontal shift along
the field axis and the vertical shift along the magnetization
axis are both determined by the direction of the cooling
field for the three samples. The shift of the center of the
hysteresis loop along the magnetization axis can be calculated
as mgr = (Mg + Mg )/(M$ — My ), where M and Mg are
the positive and negative saturation values of the hysteresis
loop, respectively [32]. The vertical shift (mgpir) value of the
L3S,, L4S3, and LsSy superlattices is 9.4%, 29%, and 11.1%,
respectively.

The dependence of the exchange bias effect and the ver-
tical magnetization shift (VMS) on the thickness of L,S,_;

superlattices is shown in Fig. 3(f). Such EBE-VMS co-
existence is rare and intriguing; it further supports the
presence of strong interaction between the FM order at the
interface and the underlying AFM order which is indicated
by the above-presented large negative MR value. It should
be noted that large VMS effects have been observed in
other non-heterostructures, such as polycrystal line ceram-
ics and nanoparticles; in that case, the VMS effect is as-
sociated with different mechanisms, including incomplete
reversal of the FM spins, or the frozen, uncompensated
spins in the spin-glass-like phase at FM/spin-glass inter-
faces [40—42]. Further, in AFM/FM heterostructures such as
SrMnQOj3/SrRuO; superlattices and Lag 751y 3FeO3/SrRuO;
bilayers, the VMS effects have been observed previously;
they are associated with pinned moments and uncompensated
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FIG. 4. (a)—(e) Normalized XAS and XLD spectra measured at room temperature with linearly polarized light for a series of L,S,_;
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grazing incidence configuration and are normalized to the sum of the XAS L; peak height signals. (f) Integral area of the XLD peaks for the
five L,,S,_; superlattice samples whose XLD spectra are shown in panels (a)—(e) with the thickness n varying from 2 to 8 u.c.

spins at the interfaces [23,43]. In contrast, the mechanism for
the EBE-VMS coexistence in the LMO/SMO (AFM/AFM)
superlattices is still unknown; it is explored in the section
below.

It is known that in perovskite transition-metal oxide het-
erostructures, strong correlations between the charge, spin,
and orbital degrees of freedom at the interfaces play a key
role in tuning the transport and magnetic properties. It has
been previously proved that at an ideal LMO/SMO inter-
face, charge leakage between e, states on the neighboring
Mn3+/Mn** sites depends on the alignment of the Mn spins
via double exchange. The length scale for such charge leakage
at the interfaces is estimated to be about 1-2 u.c. [15].
Therefore, the transport and magnetic properties in the short-
period L,S, superlattice are quite similar to the alloy LSMO
film, while for large periods (n > 3), the superlattice is an
insulator consisting of FM/AFM competitive regions. The

accurate spin configurations of the FM and AFM phases in
the LMO/SMO superlattices are unclear currently. Due to
the presence of the spin-orbital coupled states in manganites,
the spin textures of the FM and AFM phases along with
the preferred e, level orbital occupation in the large-period
L,S,_; superlattices can be evaluated by synchrotron tech-
niques. The preferential orbital occupation can be measured
by x-ray linear dichroism (XLD), a method which relies on
the excitation of core electrons into the valence d orbitals
by linearly polarized photons. Aruta ef al. have used the
XLD method to successfully analyze the preferential orbital
occupancy in LMO,,/SMO,, superlattices [14]. The XLD
signal can be obtained from the intensity difference (I, — I..)
between the XAS signals measured with in-plane (£ || a) and
out-of-plane (E || ¢) components [44,45]. To minimize the
influence of the magnetic order on the orbital occupancy in the
XLD signals, the spectra are measured at room temperature
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Positive FC

LMO A-AFM

FIG. 5. Schematic diagrams of local spin orientations in different L, S,,_; superlattices after cooling from room temperature to 5 K under a
magnetic field of 450 kOe. The dark yellow and cyan colors in the L,,S,_; superlattices denote the G-AFM SMO layers and the A-AFM LMO

layers, respectively.

for all the superlattices. Here, we select the region around
the L, edge (648—660 eV) to calculate the area Ax;p using
the method of integration; this area represents the difference
between the relative occupancies of the 3z>—r? and x>—y?
orbitals. Positive and negative Ax;p values are attributed to
a preferential occupancy of the out-of-plane 3z2—r? orbital
and the in-plane x> —y? orbital, respectively. It is worth noting
that the orbital contribution to the XLD signal in the L,S,,_;
superlattices is mainly given by the LMO layer, because
in these superlattices the Mn sites in the SMO layer are
essentially 343, a configuration that is spherical and cannot
contribute significantly to the XLD signal.

Figure 4 presents the XLD spectra of the L,,S,,_; superlat-
tices around the Mn L3, edge along with the corresponding
in-plane and out-of-plane XAS spectra. For n = 2 and n = 3,
the Axp has a negative value, as can be seen in Figs. 4(a) and
4(b). This means that the x>—y? orbital is energetically more
favorable than the 3z>—r2 orbital. This occurs as a conse-
quence of the tensile strain in the superlattices arising from the
lattice mismatch with the STO substrates. However, forn > 4,
Axip shows a positive value, as can be seen in Figs. 4(c)—4(e).
This indicates a preferential orbital occupancy of the 3z —r?
orbital, and the latter results from the interfacial compressive
strain in the LMO layer due to the increased SMO layer
thickness. Therefore, the orbital reconstruction takes place in
the L,,S,,_; superlattices with an increase in the thickness 7.
A summary of the Ax;p values for different superlattices is
given in Fig. 4(f); this summary highlights the transition of
the orbital occupancy from the x>—y? orbital to the 3z°—r?
orbital with an increase in n from 2 u.c. to 8 u.c. Aruta et al.
have reported that the preferential orbital occupation is of the
x%>—y? type for thinner n and of the 3z—r? type for n thicker
than 5, which is similar to our XLD results [14].

Based on the analyses of the in-plane M-H loops and the
preferential orbital occupation, we can obtain the spin config-

urations after different field-cooling processes. Figure 5 and
Fig. S4 of the Supplemental Material [38] show the schematic
diagrams of these spin configurations. For the L,S; superlat-
tice, the magnetic easy axis is in-plane, the preferential orbital
occupation is the in-plane x*>—y? orbital, and the transport
property is metallic due to the interfacial double-exchange
effect. Therefore, the spin directions are mainly in-plane
oriented due to the interfacial FM anisotropy. In comparison
with the alloy LSMO film, the L,S; superlattice has a weaker
exchange bias effect, a smaller saturation magnetization, and
a lower Curie temperature. As a result, a slightly canted spin
configuration should exist in this superlattice.

For the LgS; superlattice, the in-plane and out-of-plane
hysteresis loops are shown in Fig. S5 of the Supplemental
Material [38]. It is evident that the magnetization easy axis
has a tendency toward the out-of-plane direction. At the same
time, the preferential orbital occupation is of the 3z°—r?
type. However, the spin configurations at the interfaces are
still mainly in-plane oriented and are ferromagnetic. In other
words, the LMO component in the superlattice consists of an
A-type AFM “bulk” with out-of-spin orientation sandwiched
by interfacial FM layers. In the SMO layer, the spin config-
urations are still G-type antiferromagnetic. This result also
supported by Aruta et al. [14].

For the other three intermediate L, S, _; superlattices, with
an increase in the period the preferential orbital occupation
transfers from the in-plane x> —y? to the out-of-plane 3z>—r2,
resulting in different spin-canting configurations. As shown
by the above-presented M-H loop data, the EBE and the
VMS coexist in the intermediate-period L3S;, L4S3, and LsSy
superlattices. The FM state is expected to be induced at
the interface for all LMO/SMO superlattices, as discussed
previously [11,12]. The canted AFM states in the LMO
layer are induced by the thickness dependence of the orbital
reconstruction. Consequently, the FM state at the interface
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FIG. 6. (a) Magnetic hysteresis loops of the L4S; superlattice measured at 5 K after cooling from room temperature in an in-plane magnetic
field of £50 kOe (red and black) and zero field (blue). (b) Schematic diagrams for local spin configurations at 5 K in the LS5 superlattice after
zero-field cooling and £50 kOe field cooling from room temperature. (c) Dependence of Hgp (left axis) and mygyy (right axis) on the cooling
field, measured at 5 K on the L4S;3 superlattice. (d) Temperature dependence of Hgp (left axis) and mgg (right axis) after cooling in a field of

50 kOe for the L4S;5 superlattice.

competes with the canted AFM states in the LMO layers,
resulting in the coexistence of the EBE and VMS phenom-
ena in the intermediate-period LMO/SMO superlattices. The
competition between the underlying canted AFM states and
the interfacial FM states is also the origin of the large negative
MR effect observed in the L4S3 superlattice.

In order to further investigate the complex magnetic struc-
ture in the LMO/SMO superlattices, the magnetic structure in
the L4S3 superlattice has been studied. Figure 6(a) presents
the magnetic hysteresis loops of the L4S; superlattice mea-
sured at 5 K after being cooled from room temperature with
and without the application of an in-plane magnetic field of
450 kOe. Similar magnetic hysteresis loops for the other
L,S, _; superlattices measured at 5 K are shown in Fig. S6 of
the Supplemental Material [38] for comparison. Remarkably,
the zero-field-cooling M-H loop shows a symmetric hysteresis
centered at the origin; in contrast, the field-cooled loops show
both the EBE and the VMS. The coexistence of the EBE
and the VMS in the L4S3 superlattice can be attributed to
the competition between the interfacial FM states and the
interlayer canted AFM states. In addition, the loops after field
cooling show larger saturation magnetizations than the loops
after zero-field cooling; the reason for this Mg enhancement is
explained in the next section.

Figure 6(b) presents schematic diagrams that show the
difference of the spin configurations in the L4S; superlattice
after the zero-field-cooling and field-cooling processes. It
is generally considered that the FM states in the interface
always exist due to the double-exchange effect. However, the
neighboring interfacial FM regions are separated by AFM
regions, which leads to the AFM exchange coupling of the
interfacial FM regions and a more stable spin configuration
[see the middle graph in Fig. 6(b)]. When the superlattice
is cooled from room temperature under a sufficiently strong
magnetic field, the neighboring interfacial FM regions should
tend to have a parallel arrangement, while the AFM states
in the “bulk” have the preferential canted spin along the
direction of the cooling field. This leads to an increased
saturation magnetization for the field opposite to the cooling
field direction, resulting in the VMS phenomenon.

In order to confirm the dominate role of the competition
between the interfacial FM state and the interlayer AFM
state for emergent magnetic properties, a nonmagnetic SrTiO;
spacer layer is inserted into each interface of the L4S3 su-
perlattice. Typical magnetic hysteresis loops measured with
an in-plane field at 5 K with and without a field-cooling
process are shown in Fig. S8 of the Supplemental Material
[38]. The EBE and VMS behaviors are quickly suppressed

024422-8



ORBITAL RECONSTRUCTION MEDIATED GIANT ...

PHYSICAL REVIEW B 101, 024422 (2020)

with an increase in the STO spacer thickness. This clearly
suggests that the competition between the underlying AFM
states and the interfacial FM states plays an important role for
the emergent magnetic property.

Figure 6(c) shows the dependence of Hgg and mgig on the
cooling field for the L4S3 superlattice. One can see that the
cooling field strongly affects Hgg and mygy. Hpp decreases
monotonically with the cooling field. In contrast, with an
increase in the cooling field, mgs initially rises sharply and
reaches the maximal value at 50 kOe. This evolution of mg,;s
against the cooling field reveals that the relative fraction of
the pinned moments is at its largest at 50 kOe, which is in fact
the right magnetic field used to cool the LS, _; superlattices.
Figure 6(d) shows the temperature dependence of Hgg and
mgnise for the L4 S5 superlattice. One can immediately see that
the giant EBE and VMS responses take place below 30 K.
The largest Hgg and mgpis; values are 950 Oe and 29%, respec-
tively, which were measured at 5 K under a cooling field of
50 kOe.

IV. CONCLUSIONS

In summary, measurements of electrical transport and mag-
netic properties, along with x-ray linear dichroism, are carried
out on (LMO),/(SMO),_, superlattices. The superlattices
undergo a metal-to-insulator transition with an increase in

the thickness n from 2 u.c. to 8 u.c. Significant exchange
bias effects accompanied by large vertical magnetization
shifts are observed in the L3S, L4S3, and LsS4 superlat-
tices. Further, a large nontrivial negative magnetoresistance
of 58% is observed in the L4S; superlattice. These emergent
magnetic results can be attributed to the competition of the
ferromagnetic and antiferromagnetic states in the LMO/SMO
superlattices. Due to the spin-orbital coupled states arising in
manganites, the spin configurations of FM and AFM phases
can be evaluated by x-ray linear dichroism measurements at
the Mn L edges. Finally, a spin configuration model is pro-
posed that takes into account complex competition between
the interfacial ferromagnetism and the underlying canted an-
tiferromagntism in the superlattices. The model explains the
observed transport and magnetic properties.
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