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A fundamental understanding of the interfacial magnetic properties in ferromagnetic heterostruc-
tures is essential for utilizing ferromagnetic materials for spintronic device applications. Here,
we investigate the interfacial magnetic and electronic structures of epitaxial single-crystalline
LaAlO3(LAO)/Lag ¢Sro4MnO3(LSMO)/Nb:SrTiO3(Nb:STO) heterostructures with varying LSMO layer
thicknesses, in which the magnetic anisotropy strongly changes with the LSMO thickness due to the del-
icate balance between strains originating from both the Nb:STO and LAO layers, using x-ray magnetic
circular dichroism and photoemission spectroscopy. We successfully detect the clear change of the mag-
netic behavior of the Mn ions concomitant with the thickness-dependent metal-insulator transition. Our
results suggest that the double-exchange interaction induces ferromagnetism in the metallic LSMO film
under tensile strain caused by the STO substrate, while the superexchange interaction determines the mag-
netic behavior in the insulating LSMO film under compressive strain originating from the top LAO layer.
The change in strain, depending on LSMO layer thickness, is confirmed by scanning transmission elec-
tron microscopy. Based on those findings, the formation of a magnetic dead layer near the LAO/LSMO
interface is attributed to competition between the superexchange interaction via Mn 3d;,>_,> orbitals under
compressive strain and the double-exchange interaction via the 3d,2_, orbitals. These findings provide
key aspects of ferromagnetic oxide heterostructures for the development of spintronic device applications.

DOI: 10.1103/PhysRevApplied.15.064019

I. INTRODUCTION

Oxide electronics attracts considerable interest because
of a variety of potential applications in both elec-
tronics and spintronics and because we are provided
with the opportunity to understand the rich fundamen-
tal physics of strongly correlated electron systems [1]. In
heterostructures with transition-metal perovskite oxides,
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the complex interplay among multiple degrees of free-
dom of the correlated electrons yields unusual quantum
phenomena, such as superconductivity, colossal magne-
toresistance, and high-mobility two-dimensional electron-
hole gas [2-5]. Recently, an intriguing spintronics func-
tionality was demonstrated in ferromagnetic perovskite
oxide (La,Sr)MnO; (LSMO)-based devices; it was clar-
ified that the magnetic anisotropy of LSMO could be
manipulated with extremely low power consumption [6—
10]. For such heterostructures, spin and charge modula-
tions at the interfaces are considered to modify the physical
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properties of the interfaces from that of bulk materials
[11]. Knowledge of the interfacial magnetic and electronic
properties of ferromagnetic oxide heterostructures is indis-
pensable for improving the performance of spintronics
devices.

The ferromagnetic oxide LSMO is one of the promis-
ing materials for spintronics because of its distinctive
physical properties, such as colossal magnetoresistance,
half-metallicity nature, and high Curie temperatures above
room temperature [12,13]. Peculiar physical properties
of LSMO, including the metal-insulator transition (MIT),
originate from a complex interplay among the charge,
spin, and orbital degrees of freedom [14,15]. In single-
crystalline LSMO thin films and heterostructures, the elec-
tronic and magnetic properties of the LSMO layers are
strongly affected by a reduction of dimensionality, epi-
taxial strain from the substrate or adjacent layers, and
disorder at the surface or interface [11,16,17]. These exter-
nal effects lead to the formation of a “magnetic dead layer”
near the surface or interface, where ferromagnetism is
suppressed [16,18]. Previous studies on LSMO thin films
under epitaxial strains or with varying thicknesses have
reported that spatial magnetic inhomogeneity, leading to
phase separation, is intimately related to the formation
of the magnetic dead layers in LSMO heterostructures
[19-21]. To understand the origin of the magnetic dead
layer and the relationship between epitaxial strain and
the formation of the magnetic dead layer, it is important
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to investigate high-quality crystalline LSMO layers with
atomically abrupt interfaces. In particular, the magnetic
behavior of ultrathin LSMO layers under epitaxial strain
is key for the application of ferromagnetic oxide het-
erostructures for spintronics devices on the nanometer
scale.

Here, we investigate the magnetic and electronic states
at the interface between LSMO and LaAlO3 (LAO) layers
that are epitaxially grown on Nb-doped SrTiO; (Nb:STO)
substrates, namely, LAO/LSMO/Nb:STO heterostructures
with varying thicknesses of the LSMO layer using x-ray
magnetic circular dichroism (XMCD) and photoemission
spectroscopy (PES). Here, the magnetic anisotropy of the
LSMO layer depends on its thickness due to the deli-
cate balance between strains originating from both the
STO and LAO layers. The atomically abrupt interfaces
enable us to observe the intrinsic interfacial electronic
structure. Our experimental findings demonstrate changes
in the magnetic behavior accompanying the MIT in the
strained ultrathin LSMO layers, providing a mechanism
for the formation of the magnetic dead layer at interfaces
in ferromagnetic oxide heterostructures.

II. EXPERIMENT

Digitally controlled LAO(2 u.c.)/LSMO(¢ u.c.) (=5,
10, and 15; u.c. denotes a unit cell) heterostructures are
epitaxially grown on atomically flat (001) surfaces of

FIG. 1. Schematic  pictures  of
LAO/LSMO/Nb:STO heterostruc-
tures. (a) Sample structures of

LAO/LSMO/NDb:STO heterostructures
with thicknesses of 15 (left) and 5 u.c.
(right). Arrows denote directions of
strains. (b) Mn3*Og cluster with and
without strains. Energy diagram of 3d
e, states under tensile and compres-
sive strains also shown. A, denotes
crystal-field splitting of the e, states
under strains.

(001)

064019-2



ALTERNATION OF MAGNETIC ANISOTROPY...

PHYS. REV. APPLIED 15, 064019 (2021)

TiO,-terminated Nb:STO substrates by molecular-beam
epitaxy (MBE). The LAO top layer protects the surface
from further oxidization. Details of the growth condi-
tions are described elsewhere [9]. Sample structures of
the LAO/LSMO/NDb:STO heterostructures are shown in
Fig. 1(a). The magnetic properties of the heterostructures
are measured using a superconducting quantum interfer-
ence device (SQUID) magnetometer. Scanning tunneling
electron microscopy (STEM) and electron energy-loss
spectroscopy (EELS) experiments are performed using
a JEM-ARM200F (JEOL Ltd.) microscope operated at
200 kV (MST Ltd.). The depth resolution of EELS is about
1 nm. The PES and XMCD experiments are performed
at the helical undulator beamline BL23SU of SPring-8
[22—24]. The monochromator resolution, £/AE, is 10 000.
For XMCD measurements, absorption spectra for circu-
larly polarized x-rays with the photon helicity parallel ()
and antiparallel (1«7) to the spin polarization are taken
by reversing the photon helicity at each photon energy,
hv, and are recorded in total-electron-yield mode. The
wt and o spectra are taken for both positive and nega-
tive applied magnetic fields and are averaged to eliminate
experimental errors, such as spurious dichroic signals aris-
ing from the slightly different optical paths for the two
circular polarizations. External magnetic fields are applied
perpendicular to the sample surfaces (the [001] direction).
To estimate the integrated values of the X-ray absorption

spectroscopy (XAS) spectra at the Mn L, 3 edge, hyper-
bolic tangent functions are subtracted from the spectra
as backgrounds. For the PES measurements, the samples
are kept at 20 K under an ultrahigh vacuum better than
10~ Pa. The total energy resolution, including tempera-
ture broadening, is about 150 meV. The position of the
Fermi level (Er) is determined by measuring evaporated
gold that is electrically in contact with the samples. To
discuss the origin of magnetic anisotropy, cluster-model
calculations are conducted based on a method described
elsewhere [25], assuming tensile (¢ <a) or compressive
(¢ > a) strain (Dyy, crystal fields).

II1. RESULTS AND DISCUSSION

Figure 2 shows the magnetic field dependence of the
magnetization (M) of the heterostructures measured by
the SQUID magnetometer. The out-of-plane linear mag-
netic susceptibility, including the diamagnetic contribu-
tion from the substrates, for =35 u.c. is positive, while
that for =15 u.c. is negative [see the red curves in
Figs. 2(a) and 2(b)]. This indicates that there are a con-
siderable amount of paramagnetic Mn ions for =35 u.c..
Figures 2(c) and 2(d) show the magnetization curves
obtained for =15 and 15 u.c., respectively, after subtract-
ing the abovementioned linear components. To remove the
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effects of the magnetic shape anisotropy, the demagnetiza-
tion fields are corrected for the out-of-plane magnetization
curves by using the equation H' = H—M (A/m), where H
is the applied external magnetic field strength and H' is
the magnetic field strength corrected for the demagnetiza-
tion field [see Fig. 2(d)]. It should be noted here that the
saturation magnetization for =15 u.c. is about 4 pz/Mn,
nearly the full magnetic moment per Mn atom, suggesting
that nearly all Mn ions contribute to ferromagnetism. In
contrast, the saturation magnetization is much smaller than
the full moment for =15 u.c., as shown in Fig. 2(c). For
t=5u.c., the out-of-plane susceptibility near the zero field
is much larger than the in-plane one, as shown in the inset
of Fig. 2(c), indicating perpendicular magnetic anisotropy.
The most important point here is that the easy magneti-
zation axis is changed with ¢, i.e., the film with =15 u.c.
has perpendicular magnetic anisotropy, while the one with
t=15 u.c. has in-plane magnetic anisotropy.

To wunderstand the thickness-dependent magnetic
anisotropy of the LAO/LSMO/Nb:STO heterostructures,
we obtain a crystal-lattice image with atomic resolution
using STEM EELS. Figures 3(a) and 3(b) show high-angle
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FIG. 3. STEM EELS analysis for the LAO/LSMO/Nb:STO
heterostructures. (a),(b) HAADF STEM lattice images of 5 and
15 u.c. samples, respectively. Dashed horizontal lines denote
interfaces between layers. Rectangles are guides for the change
of lattice constants (c/a). (c),(d) Depth profiles of normalized
EELS intensity in heterostructures for z=15 and 15 u.c., respec-
tively. Profiles are obtained along solid lines in (a),(b). Here,
depth resolution of STEM EELS is about 1 nm. Shaded areas
denote intermixing regions near interfaces.

annular dark-field (HAADF) STEM images of the het-
erostructures for =35 and 15 u.c., respectively, indicating
that the heterostructures are composed of coherently grown
single-crystal layers with abrupt heterointerfaces. The ratio
of the out-of-plane (c axis) to in-plane (a axis) lattice con-
stants (c/a) estimated from the atomic resolution image is
c/a=0.985 for the 15-u.c. film, indicating that the LSMO
layer in the heterostructure is under tensile strain. From
this point of view, the heterostructure for r=15 u.c. is
similar to that of bulk LSMO films grown on STO. In con-
trast, the ratio of ¢/a for the 5-u.c. film is 1.034, indicating
that the LSMO layer is under compressive strain. In the
LAO/LSMO/Nb:STO heterostructure, compressive strain
is predominant because the lattice mismatch of LSMO
with LAO of about 3% is considerably larger than that
with STO of about 1% [26]. Figures 3(c) and 3(d) show
the depth profiles of the concentration of each atom for
the heterostructures obtained using EELS. The results indi-
cate that the chemical composition of each layer in the
heterostructure is approximately uniform and there is a
compositional mixture within a few u.c. of the heteroint-
erfaces.

To elucidate the origin of the magnetic anisotropy of
the LAO/LSMO/NDb:STO heterostructures, the single-ion
magnetic anisotropy energy (AEyy,) of the Mn>* ion is
estimated using the ratio of the lattice constants, c¢/a, under
strains. Considering that the splitting, A., of the e, states
[see Fig. 1(b)] is proportional to the square of p—d trans-
fer integrals divided by the charge-transfer energy and
that the Slater-Koster parameter (pdo) is proportional to
the power of the Mn-O atomic distance r, r~7/2 [27], the
value of A, is estimated to be +55 meV for the ten-
sile strain of the t=15 u.c. sample and —121 meV for
the compressive strain of the t=35 u.c. sample. Here,
the positive (negative) sign of A, means that the x?-)?
(3z%-1%) orbital is preferentially occupied. Cluster-model
calculations [25] are performed for the Mn3* Oy cluster in
LSMO to estimate AE\4 using the A, values given above.
Here, the electronic structure parameters (charge-transfer
energy, d—d Coulomb interaction, Slater-Koster parame-
ter, etc.) for the calculations are the same as those reported
in Ref. [28]. The values of AE)5 estimated are listed in
Table I, where the positive (negative) value means the per-
pendicular (in-plane) easy magnetization axis. The values
of AE\a are calculated as the differences of the total ener-
gies obtained with magnetization along the in-plane [100]
and out-of-plane [001] directions. This indicates that the
preferential occupation of the ds,._,» orbital under com-
pressive strain favors spin orientation perpendicular to
the a-b plane, while that of the d,>_,» orbital under ten-
sile strain favors spin orientation with an in-plane easy
axis. Thus, the calculated magnetocrystalline anisotropy is
qualitatively consistent with the change of the easy magne-
tization axis, depending on strains. The experimental mag-
netic anisotropy energies are estimated from the difference

064019-4



ALTERNATION OF MAGNETIC ANISOTROPY...

PHYS. REV. APPLIED 15, 064019 (2021)

TABLE 1. Single-ion magnetic anisotropy energies of the
LAO/LSMO/NDb:STO heterostructures. c/a are estimated from
the HAADF STEM images [Figs. 3(a) and 3(b)]. Considering
splitting of the e, states (A.) obtained from strains (the in-plane
and out-of-plane lattice constants), the values of the magnetic
anisotropy energy (AEwma) of these heterostructures are esti-
mated using cluster-model calculations [25]. Here, A, is defined
as the energy difference between 3z%-2 and x2-y? orbitals: A, =
Es2 2 — Epa_ 2. The positive (negative) sign of A, means that
the x?-y? (3z2-r?) orbital is preferentially occupied [Fig. 1(b)].

Sample cla A, (meV) AE\a (calc.) (meV)
t=5u.c. 1.034 —121 4.56
t=15u.c. 0.985 55 —2.01

between the integrals of the normalized M-H curves with
H applied in the film plane ([100]) and perpendicular to the
film plane ([001]) directions: f o (Hout — Hin)dM , where
Ko 1is the vacuum permeability. The estimated values of
AEya are +0.077 and —0.040 meV for =35 and 15 u.c.,
respectively. By comparing the experimental and theoret-
ical values of AFE\a, although the magnitudes of AEya
are apparently overestimated in the calculations, the direc-
tions of the easy magnetization axes can be qualitatively
explained.

Since the magnetic property of LSMO is related to
not only the single-ion magnetocrystalline anisotropy, but
also intersite magnetic interactions, such as the double-
exchange interaction, knowledge of the electronic structure
and transport property is indispensable to understand the
details of the magnetic behavior of LAO/LSMO/Nb:STO
heterostructures. To reveal changes in the electronic struc-
ture with changing the LSMO thickness, we perform
x-ray photoemission spectroscopy (XPS) for core levels
and resonant photoemission spectroscopy (RPES) for the
valence band (VB). Figure 4 shows the Mn 2p core-
level XPS spectra of the LAO/LSMO heterostructures.
Notably, a small peak (well-screened peak) appears on
the low binding-energy (Ep) side of the 2p3,, peak only
for t=15 u.c. This well-screened feature of the Mn 2p
spectrum originates from screening of the 2p core hole
by ferromagnetic metallic electrons in the LSMO layer
[29]. The appearance of this peak reflects the increase of
the metallicity of the 15 u.c. LSMO layer. In previous
PES studies of LSMO thin films [29,30], the well-screened
peaks observed in hard x-ray PES with high bulk sensi-
tivity were larger than those in soft x-ray PES, probably
because of defects or disorder near the surface or inter-
face. Thus, the observation of the well-screened peak with
soft x-ray PES in the present study is consistent with the
high-quality crystallinity of the LAO/LSMO/Nb:STO het-
erostructures with atomically abrupt interfaces confirmed
by STEM. In addition, if one compares the main peaks
of the Mn 2p spectra, a core-level shift, depending on the

[ [
LAO/LSMO(z u.c.)/ 5
Nb:STO ‘ P3/2

Intensity (arb. units)

| | | | |
665 660 655 650 645 640 635

Binding energy (eV)

FIG. 4. Mn 2p XPS spectra of LAO/LSMO/Nb:STO het-
erostructures. Here, incident photon energy is v =1200 eV.
Spectra are normalized to maximum height and a vertical offset
put on the spectrum of the film for 15 u.c. Shaded area denoted
by an arrow is a well-screened peak. Vertical dashed lines are
guides to the eye.

thickness of the LSMO layer, is identified (see dashed lines
in Fig. 4).

Figures 5(a) and 5(b) show the off-resonance photoe-
mission spectra of the VB taken at hv =637 eV for the
LAO/LSMO/Nb:STO heterostructures. It should be noted
here that there is a gap at Er for t=35 u.c., while the
spectrum for =15 u.c. has a finite density of states at
Er, that is, the MIT occurs at a thickness between r=15
and 15 u.c. This is analogous to the thickness-dependent
MIT in LSMO layers sandwiched between STO [17]. The
observations indicate that the core-level shift observed in
the Mn 2p spectra reflects the chemical-potential shift
accompanied by the MIT because the shift of the Mn 2p
spectra is comparable to that of the VB spectra. Since the
EELS observations imply that there are La-rich regions
near the LAO/LSMO interfaces [see Figs. 3(c) and 3(d)],
changes in the chemical compositions near the interfaces
may also contribute to the chemical-potential shift. To
reveal the changes of the Mn 3d states across the MIT in
detail, the Mn 2p-3d RPES spectra taken at hv = 642.5 eV
are shown in Figs. 5(c) and 5(d). In contrast to the insu-
lating state for =15 u.c., the metallic nature of the Mn 3d
states for =15 u.c. is obvious: the finite density of states
at Er and the asymmetric shape of the peak at Ez ~2 eV,
which indicates the effects of screening and in line with
the appearance of the well-screened peak in the Mn 2p
spectrum of the 15-u.c. film, as shown in Fig. 4. This is
consistent with the appearance of the well-screened fea-
ture observed in the Mn 2p spectrum for =15 u.c. shown
in Fig. 4. Thus, we consider that the thickness-dependent
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FIG. 5. Mn 2p-3d RPES of LAO/LSMO/Nb:STO heterostruc-

tures. (a) Off-resonance spectra taken at iv =637 eV (at the
black arrow shown in Fig. 6(a)). Spectra are normalized to the
maximum height. (b) Enlarged plot near Er of the off-resonance
spectra. (c) On-resonance spectra taken at zv = 642.5 eV (at the
red arrow shown in Fig. 6(a)). (d) Enlarged plot near Er of the
on-resonance spectra. The on-resonance spectra are normalized
to background heights around Ez ~ 12 eV.

MIT observed in the heterostructure predominantly orig-
inates from the intrinsic nature of the Mn 34 state in the
LSMO layer.

Figure 6 shows Mn L,3; XAS and XMCD spectra of
the LAO/LSMO/Nb:STO heterostructures measured at a
magnetic field, uoH, of 1 T applied perpendicular to the
films and at a temperature of 7=5 K. In general, the
line shapes of the XAS and XMCD spectra reflect the
local electronic and magnetic properties. The XAS and
XMCD spectra of the 15-u.c. sample are similar to those
of thick LSMO layers on STO substrates [31]. This result
indicates that the LSMO layer with =15 u.c. in our
LAO/LSMO/NDb:STO heterostructure has nearly the same
electronic structure as that of thick LSMO layers under ten-
sile strain reported previously [26,28,31,32]. In contrast,
the XAS spectrum of the 5-u.c. film is different from that
of the 15-u.c. film, but is similar to that of thick LSMO
layers deposited on LAO substrates [26,28,32], suggest-
ing that the 5-u.c. LSMO layer is compressively strained
by the top LAO layer. These spectral changes are consis-
tent with structural changes of ¢/a confirmed by STEM, as
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FIG. 6. Mn L, 3-edge absorption spectra of
LAO/LSMO/Nb:STO heterostructures. (a) XAS spectra.

Intensities are normalized to maximum height of 100. Red
and black arrows denote excitation energies for off-resonance
(637 eV) and on-resonance (642.5 eV) spectra, respectively.
(b) XMCD spectra. Spectra are measured at yoH =1 T and
T=5 K. To compare spectral line shapes, spectra are normalized
to minimum intensity.

shown in Fig. 3. The strongest XAS peak for =15 u.c.
is located at slightly lower energy than that for =5 u.c.,
which is similar to the shift of the main peaks observed for
LSMO/LAO and LSMO/STO [33]. Notably, this peak shift
is opposite to the thickness dependence of LSMO/STO
[31]. Comparing the line shapes of the XMCD spectra for
different LSMO thicknesses, as shown in Fig. 1(b), the
electronic structure of the LSMO layer clearly changes as
the thickness decreases from 15 to 5 u.c.

Figures 7(a) and 7(b) show the H dependence
of the XMCD spectra of the LAO/LSMO(f=15 and
51.¢.)/Nb:STO heterostructures, respectively. The XMCD
intensities increase with increasing H. As for the XMCD
line shapes, they are approximately independent of H for
the 15-u.c. film [inset of Fig. 7(a)], while there are appre-
ciable spectral line-shape changes with H around 640 eV
for the 5-u.c. film [inset of Fig. 7(b)]. This means that
a paramagnetic component exists in the 5-u.c. film in
addition to the ferromagnetic component, while almost
all Mn ions contribute to ferromagnetism in the 15-u.c.
film. Notably, the XMCD intensity for =15 u.c. is much
larger than that for r=35 u.c., which is consistent with
magnetization measured by SQUID, as shown in Fig. 2.
Figures 7(c) and 7(d) show the H and T dependences of
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the XMCD intensities of the LAO/LSMO/Nb:STO het-
erostructures, respectively. As one can see, the magnetic
behavior is clearly different between the thin and thick
LSMO films. The magnetization curve for t=35 u.c. is
rapidly saturated, in comparison with that for =15 u.c.,
although the saturation magnetization per Mn ion of the
film for t=5 u.c. is as small as one third of that for
t=15 u.c., as shown in Fig. 7(c). While the magnetiza-
tion for =15 u.c. rapidly decreases with increasing 7,
that for r=35 u.c. only gradually decreases with increas-
ing 7, as shown in Fig. 7(d). Considering the observa-
tions using SQUID shown in Fig. 2, this result likely
reflects the change of the magnetic anisotropy with chang-
ing ¢. In thick LSMO films grown on STO substrates,
the double-exchange interaction between Mn** and Mn**
ions stabilizes ferromagnetism with an in-plane easy mag-
netization axis due to the preferential occupation of the
x2-y? orbital under tensile strain [27,34]. In our work, these
bulklike magnetic properties are consistently observed in

Temperature (K)

the thick 15-u.c. film. In contrast, the magnetic behav-
iors of the film for r=5 u.c. are completely different
from those reported for single LSMO films grown on
STO [34].

The XMCD and RPES results for the LAO/LSMO/Nb:
STO heterostructures with varying the LSMO layer thick-
ness indicate changes to the magnetic behavior accompa-
nied by the MIT. For bulk LSMO and thick LSMO films,
ferromagnetism arises from the double-exchange interac-
tion [35] between Mn>* and Mn** ions, which leads to
the colossal magnetoresistance concomitant with the MIT
[15]. As shown in Fig. 1(b), under tensile strain from the
STO substrate, the x*-y? orbital of the e, states is pref-
erentially occupied by conduction electrons, leading to
magnetic anisotropy with the in-plane [110] (or [100]) easy
magnetization axis. In contrast to the nearly full moment in
the 15-u.c. LSMO layer observed by SQUID and XMCD,
the saturation magnetization of the 5-u.c. LSMO film is
much smaller than that of the full moment [see Figs. 2(c),
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2(d), 7(c), and 7(d)]. This may arise from the superex-
change interaction, which plays an essential role in the
magnetism of the insulating phase of the ultrathin LSMO
layer, where the d electrons are localized. Under compres-
sive strain from the LAO layer, the d;,>_,> orbital of the
Mn** ion is preferentially occupied, as shown in Fig. 1(b),
resulting in magnetic anisotropy with the out-of-plane
[001] easy magnetization axis. The superexchange inter-
action path, Mn**-O-Mn>", in the out-of-plane direction,
involving the d;,»_,> orbital, is expected to be ferromag-
netic, while the same interaction within the plane is antifer-
romagnetic [36]. It follows from these arguments that the
change in magnetic anisotropy and reduction of magneti-
zation accompanying the MIT originate from compressive
strain in the LSMO layer.

Whereas most of the Mn ions contribute to ferromag-
netism in the metallic LSMO layer, only a part of the
Mn ions contribute to the ferromagnetism in the insulating
LSMO layer. From the M-H curve of the heterostructure
with £=15 u.c. shown in Fig. 7(c), the saturation magne-
tization and the paramagnetic susceptibility, yx, in high
magnetic fields (uoH >1 T) are estimated to be about
0.72 ug/Mn and 5.23 x 10? up/Mn/T, respectively. The
saturation magnetization is nearly identical to that esti-
mated from the macroscopic SQUID measurements shown
in Fig. 2(c); this indicates that only 25% of the total
Mn ions contribute to ferromagnetism. The rest of Mn
ions may be coupled with each other antiferromagnetically
through the superexchange interaction via the Mn**-O-
Mn** or Mn**-O-Mn3* paths. Under compressive strain,
the preferential occupation of the d;,»_,» orbital in the
LSMO layer favors spin orientation perpendicular to the
a-b plane (see also Table I) [16,26,37]. This is evident in
the SQUID results shown in Figs. 2(a) and 2(b), where the
out-of-plane [001] paramagnetic susceptibility, including
the diamagnetic contribution from the substrate, is positive
in the insulating heterostructure for #=35 u.c., but nega-
tive in the ferromagnetic heterostructure for =15 u.c.. We
note that the in-plane [100] paramagnetic susceptibility is
negative in both cases (#=5 and 15 u.c.). By analyzing
the paramagnetic susceptibility, x, using the Curie-Weiss
law, x(T) = C/(T — 60), where C is the Curie constant
and 6 is the Weiss temperature, under the assumption that
75% of the Mn ions are paramagnetic, the Weiss tem-
perature is estimated to be approximately —150 K. The
negative Weiss temperature is qualitatively consistent with
antiferromagnetic superexchange via the Mn**-O-Mn3*
path. Therefore, occupation of the d;.»_,» orbital under
compressive strain [see Fig. 1(b)] can explain why the
paramagnetic susceptibility appears preferentially for the
out-of-plane direction in the insulating heterostructure.

The present experimental findings may provide key
knowledge to understand the formation of a magnetic
dead layer near the LAO/LSMO interface. In the metal-
lic LSMO case, when the interface is not ideal and has

extrinsic defects, such as atomic intermixing and structural
deformation [11,32], the conduction electrons are scattered
by these defects and disorder, resulting in weakening of
the double-exchange interaction [38]. In addition to com-
pressive strain, oxygen octahedral rotation (OOR) for the
LSMO layers is induced by the top LAO layer [9,39,40].
The OOR slightly reduces the in-plane bond angle of
the Mn-O-Mn path in the vicinity of the interface, which
also weakens the double-exchange interaction. As a con-
sequence, competition between the double-exchange and
superexchange interactions, depending on strain, leads to
the formation of the magnetic dead layer near the interface.

For the origin of the magnetic dead layer at the inter-
faces of LSMO thin films under tensile strain, phase-
separation models are proposed [19-21]. In a previ-
ous XMCD study on the thickness-dependent MIT in
a LSMO/STO heterostructure [31], it has been revealed
that paramagnetic, superparamagnetic, and ferromagnetic
phases coexist in the magnetic dead layer. Magnetic inho-
mogeneity or phase separation is probably associated with
spatial fluctuation of the hole distribution and superex-
change interaction in the LSMO layer. In the present
case of the insulating LSMO film under compressive
strain, it is likely that the ferromagnetic and superparamag-
netic phases arise from the ferromagnetic Mn**-O-Mn>*
superexchange path and that the rest of Mn ions con-
tribute to paramagnetism with antiferromagnetic coupling.
Since the antiferromagnetic superexchange interaction of
the Mn*T-O-Mn’** path is predominant in the area of
sparse hole carriers, the Weiss temperature becomes nega-
tive. In the insulating LSMO heterostructure, the thickness
of the magnetic dead layer is determined by the strain-
relaxed region near the heterointerface because magnetic
anisotropy due to the superexchange interaction strongly
depends on strain.

Finally, experimental findings that the changes in mag-
netic behavior concomitant with the MIT may suggest
applications of ferromagnetic oxide interfaces. In con-
trast to the magnetic dead layer of about 4 u.c. in the
LSMO/STO interfaces reported previously [17,18], the
present heterostructure with a thin LSMO layer of 5 u.c.
shows ferromagnetism, maybe due to the significantly
improved crystal quality and sandwiching LSMO between
LAO and STO layers. The appearance of ferromagnetism
in such precisely controlled heterostructures at the atomic
level will contribute to the development of nanometer-
scale spintronic device applications. If one can control
the position of Er in the LSMO layer by applying a
bias voltage, the magnetic behavior will change, depend-
ing on the hole concentration in the LSMO layer. This
may be analogous to the orbital-controlled magnetiza-
tion switching observed in a LSMO/STO/LSMO magnetic
tunnel junction [10]. Additionally, based on the present
SQUID, STEM, and XMCD results, the magnetic behav-
ior observed for =35 u.c. reflects the LSMO layer under
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compressive strain. It should be noted here that the top
LAO layer significantly affects the magnetic behavior in
the insulating LSMO layer, even though the thickness of
the LAO layer is merely 2 u.c. thick. This indicates that the
structural design of ferromagnetic oxide heterostructures
on the nanometer scale possibly controls the performance
or properties of such devices.

IV. CONCLUSIONS

The magnetic anisotropy strongly changes with the
LSMO thickness due to the delicate balance between
strains originating from both the Nb:STO and LAO layers
in epitaxially grown single-crystalline LaAlO3(2 u.c.)/Lag ¢
Sry4MnO3(¢ u.c.)/Nb:SrTiO3(001) heterostructures with
varying LSMO layer thickness, ¢. The film with =5 u.c.
has perpendicular magnetic anisotropy, while that with
t=15 u.c. has in-plane magnetic anisotropy. Structural
analysis using STEM EELS has revealed that the 5-
u.c. LSMO layer is compressively strained, while the
15-u.c. LSMO layer is under tensile strain. To under-
stand the interfacial magnetic and electronic properties of
the LAO/LSMO/NDb:STO heterostructures with different
LSMO thicknesses, we perform XMCD and PES measure-
ments. The observation of the well-screened features in
the Mn 2p XPS spectra suggests a significantly improved
crystal-structure quality at the interface between the LAO
and LSMO layers in the MBE-grown thin films. The Mn
L, 3 XMCD and Mn 2p-3d RPES demonstrate the change
of the magnetic behavior accompanied by the MIT. The
magnetic behavior of the insulating thin LSMO layer orig-
inates from the superexchange interaction between the
Mn ions under compressive strain from the top LAO
layer, while the double-exchange interaction is predom-
inant in the ferromagnetic metallic LSMO layer. Based
on the present experimental findings, the formation of the
magnetic dead layer is attributed to competition between
the superexchange and double-exchange interactions in
the strain-relaxed region near the heterointerface. It is
likely that the appearance of the ferromagnetic properties
in the heterostructure with such thin LSMO layers and
the changes in the magnetic behavior concomitant with
the MIT provide key aspects of ferromagnetic oxide het-
erostructures for structural design on the nanometer scale
and spintronic device applications.
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