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Electronic and Magnetic Reconstructions in La,;Sr,;MnO;/SrTiO; Heterostructures:
A Case of Enhanced Interlayer Coupling Controlled by the Interface
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We report on the magnetic coupling of Lag;Sry;MnO; layers through SrTiO; spacers in
Lay;Sr;3MnO;/SrTiO; epitaxial heterostructures. Combined aberration-corrected microscopy and
electron-energy-loss spectroscopy evidence charge transfer to the empty conduction band of the titanate.
Ti d electrons interact via superexchange with Mn, giving rise to a Ti magnetic moment as demonstrated
by x-ray magnetic circular dichroism. This induced magnetic moment in the StrTiO; controls the bulk
magnetic and transport properties of the superlattices when the titanate layer thickness is below 1 nm.
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Among correlated electron systems, Lag;Sry3;MnO;
(LSMO) has been extensively studied as a possible source
of spin-polarized electrons at room temperature [1]. The
large values of tunneling magnetoresistance reported for
LSMO/SrTiO; (STO)/LSMO tunnel junctions at a low
temperature drop way below the Curie temperature of the
magnetic electrodes, suggesting that a depolarization of the
injected current may occur at the interface [2,3]. This effect
has been attributed to deteriorated magnetic properties of
the manganite layer at the interface, a so-called ‘“‘dead
layer,” the origin of which is still not well understood
[4,5]. Modified electronic and orbital structures at the
interface [6,7] could be at the origin of the dead layer
problem. In this Letter, we examine the possibility of
manipulating the spin structure of the dead layer through
the orbital reconstruction at the interface.

The origin of novel electronic states at the interface has
been discussed in terms of the combined effect of epitaxial
strain and the electronic and orbital reconstruction result-
ing from symmetry breaking [8—10]. Since in these corre-
lated oxides spin ordering is largely determined by the
orbital structure through Goodenough-Kanamori rules
[11,12], the modified bonding at the interface determines
its magnetic structure. This is the case for the ferromag-
netic state reported to occur at the interface between
nonferromagnetic LaFeO; and LaCrO; [13] and is
also the origin of a ferromagnetic moment found in Cu
at cuprate/manganite heterostructures [14,15], in Fe at
BiFeO;/LSMO interfaces [16], and very recently at the
interface between the Mott insulator LaMnOj5 and the band
insulator STO [17].

Here we show that manganite layers are magnetically
coupled in LSMO/STO superlattices when the STO layer is
thinner than 1 nm, which gives rise to very significant
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changes of magnetic and conducting properties. We have
examined the electronic and magnetic structure of the
LSMO/STO interface and found a magnetic moment in-
duced at the Ti, resulting from the orbital reconstruction,
which couples magnetically the LSMO layers. This finding
constitutes direct evidence on how macroscopic properties
of a heterostructure may be controlled by the interface
orbital and spin reconstruction.

Using a high-pressure pure oxygen sputtering technique,
we have grown two series of [LSMO,,/STOy]s super-
lattices consisting of 8 bilayers of M LSMO unit cells
(u.c.) and N STO u.c., on (100) STO substrates. In the first
series of samples, the LSMO thickness was fixed at M = 6,
thin enough to highlight the interface effects, with Ngtg =
0,1,2,5,6,12, 18, 24. In the second series, the STO thick-
ness is fixed at N =2, with Mjqyo = 4, 6, 14. X-ray
reciprocal space maps show that the LSMO layers are
uniformly strained (in plane) to match the lattice parame-
ters of the STO (see supplemental Fig. 1 [18]).

We first show the unusual magnetic and transport prop-
erties of the heterostructures. The temperature dependence
of (van der Pauw) resistivity and magnetization are shown
in Fig. 1 for a thin film and three superlattices with STO
thickness N = 2, 7, and 18 u.c. These measurements are
normalized to the LSMO thickness, which is the same for
all samples. We find a strong, 2 orders of magnitude,
increase of the metallic state resistivity when the STO
thickness is increased. The application of 14 T has a
pronounced effect in reducing the low temperature resist-
ance of samples with STO thicker than 7 u.c., showing that
the degraded magnetic and transport properties of the
samples with thick STO are related to a disordered spin
structure in the LSMO. This may be the origin of
the widely reported dead layer. Electronic transport and
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FIG. 1 (color online). (a) Temperature-dependent resistivity of
[LSMO¢/STOy g superlattices in 14 T (open symbols) and zero
(solid symbols) field. (b) Temperature-dependent magnetization
upon warming in 100 Oe. N is indicated in the figures. (c) Sketch
illustrating magnetic coupling through interfacial Ti in the case
of an ultrathin STO spacer. (d) M(H) loops measured in a
vibrating sample magnetometer (VSM).

magnetic properties at low temperature in manganites are
linked by the double-exchange mechanism where the
hopping amplitude of electrons between neighboring
Mn atoms is proportional to cos(6;;/2), where 6;; is the
angle between the localized 1,, spins. A fully magnetized
sample in a 14 T field (well above the saturation magnetic
field) has all the spins aligned and, thus, ought not to
present low temperature magnetoresistance. However, if
the spins on the Mn sites are misoriented, then the appli-
cation of a magnetic field should align them with a con-
comitant decrease in resistivity. The magnetoresistance of
the 48 u.c. LSMO thin film at 10 K is only 2%, and in the
case of the [LSMOgy/STO,]s superlattice it reaches 10%
[Fig. 1(a)]. These low values of magnetoresistance are
consistent with ordered (parallel) spin states which can
also be deduced from the fact that the saturation magneti-
zation (M) of these samples is 3.7up/atyy, the full
theoretical spin-only moment [Fig. 1(d)]. However, the
superlattices with thick STO have much larger magneto-
resistance at 10 K, 70% for [LSMO4/STO;]3 and
[LSMO4/STO 3]s, evidencing a disordered spin state in
these samples consistent with the values of Mg =
2.5up/aty, observed. For samples with thick STO we
obtain T, =200 K, while in the case of the
[LSMOy/STO, |3 sample the T, increases up to 280 K
accompanying the increased magnetization shown. For a
thin film 6 u.c. thick, the obtained values of saturation
magnetization and Curie temperature are MLF =
1.5up/aty, and TLF = 150 K, respectively, similar to
those of the heterostructures with STO thicker than 5 u.c.
Thus multilayers with thick STO behave like the sum of
isolated LSMO layers, whereas with thin STO the whole

heterostructure determines the properties, showing that
there exists some substantial coupling between the layers.
This is a striking result in view of the insulating and non-
magnetic nature of the STO and suggests that a significant
interface reconstruction may be taking place. An enhance-
ment of the magnetic moment has been also observed in
LaMnOs;/STO superlattices when STO thickness is re-
duced [19]. However, since LaMnO; (ferro)magnetism
depends strongly on strain relaxation, an explanation in
terms of the same sort of magnetic coupling discussed later
is not straightforward.

To examine possible changes in doping due to interface
charge transfer, we have examined the interface chemistry
by combined aberration-corrected microscopy and
electron-energy-loss spectroscopy. Figure 2(a) shows a
high magnification Z contrast scanning transmission elec-
tron microscopy image of a single [LSMOg/STOy];( su-
perlattice where N varies between 2 and 8 u.c. along the
stack and there are two bilayers for each STO thickness.
Coherent heteroepitaxial growth of LSMO and STO is
observed with sharp interfaces free of defects (see also
supplemental Figs. 1 and 2 [18]). In simultaneous electron-
energy-loss spectroscopy experiments, the Ti— L,3,
Mn — L,5, La— Mys, and Sr L, edges were recorded
to produce the relative concentration profile of Fig. 2(b)
and the elemental maps from the first two STO layers that
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FIG. 2 (color online). (a) High magnification Z-contrast image
of a [LMSO¢/STOy] superlattice where the STO layer thickness
is varied between 2 and 8 u.c.; thickness is indicated in the
figure. (b) Top: Normalized integrated intensity of Ti — L,3
(blue), Mn — L, 5 (red), and La M, 5 (green) along the direction
marked with a green arrow in (a). Bottom: Mn (red) and Ti (blue)
oxidation states. The blue lines are guides to the eye. (c)—(f)
Atomic elemental maps corresponding to the (c) Ti L, 3, (d) Mn
L3, (e) La Mys, and (f) Sr L,; signals, after fitting the
background to a power law and integrating 30 eV wide windows
under the remaining edges, except for (f), where a 300 eV wide
window was used due to the poor signal. Data sets in (a) and (b)
were obtained in a VG Microscopes HB5S01UX, while data sets
in (c)—(f) were obtained in the Nion UltraSTEM, both operated
at 100 kV and equipped with aberration correctors and Gatan
Enfina spectrometers.
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are shown in Figs. 2(c)-2(f). The LSMO (STO) layer looks
chemically wider in the La(Ti) image than in the Mn (Sr)
map, indicating that both interfaces are TiO, terminated
[20], with an extra La, St 30 layer at the interface. In the
thicker region, interface roughness develops and the ter-
mination appears to alternate between the top and bottom
interfaces. Electron-energy-loss spectroscopy elemental
maps yield insights into the oxidation state of the different
species through the dependence of the shape of these
absorption edges on band filling. Figure 2(b) (bottom)
shows the oxidation state of the transition metal oxide
(TMO), obtained from the O K-edge fine structure, through
the energy separating the prepeak and the main peak
[19,21]. This method implies some averaging of both
LSMO and STO signals at the interfaces due to electron
beam broadening, not taken into account by the error bars.
Nevertheless, the general trend is clear; Fig. 2(b) shows
how the Ti oxidation state evolves from Ti*’" when the
STO is 2 u.c. thick to stoichiometric Ti** when the STO is
8 u.c. thick. While it is quite clear that Ti atoms in the bulk
of the layer are in a 4+ oxidation state when the bilayer
index (and the STO layer thickness) increases, the inter-
facial Ti in the thin STO layers exhibits a reduced oxida-
tion state. The Mn oxidation state remains constant and
around 3.2 +, less than the 3.3+ nominal stoichiometry.
The reduced Ti oxidation state in ultrathin STO layers is
consistent with an electronic reconstruction at the
manganite-titanate interface. The extra Laj,Sry ;O layer
at the interface would provide a nominal extra 1/3e~ per
interfacial TiO, plane reducing the Ti oxidation state [19].
La-Sr intermixing could also cause the reduced oxidation
state of Ti. However, this can be excluded for at least two
reasons: In Fig. 2(d), a negligible La signal is detected in
the STO layer, and, furthermore, electron doping of STO
caused by La enrichment implies a hole enrichment of the
LSMO near the interface, which is not observed. The
reduced Mn oxidation state (3.2+ vs the nominal 3.3 +)
possibly indicates a small density (2%) of O vacancy
doping. Since the layers are uniformly strained, changes
observed in magnetic and transport properties cannot be
explained in terms of a change in strain state. We can also
rule out that changes in the magnetotransport properties are
due to a modified doping level of the manganite due to
oxygen vacancies, because the Mn oxidation state is con-
stant when the STO thickness is modified along the
superlattice.

Motivated by the recent finding of induced magnetism
at the interface between the Mott insulator LaMnO;
and the band insulator SrTiO5 [17], we have explored
the magnetic properties of the LSMO/STO interface.
Figure 3(a) shows x-ray magnetic circular dichroism
(XMCD) spectra at the Mn and Ti L edge of
[LSMO¢/STO, g at 6 K in a 1 T magnetic field, conducted
at the IDO8 Beamline of the European Synchrotron
Radiation Facility. The Mn XMCD signal of 27% is
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FIG. 3 (color online). XMCD measurements in an

[LMSO¢/STO,]Jg superlattice. (a) Ti L,3 edge (red) and Mn
L, 5 edge (green). For comparison, the Ti signal is multiplied by
10. (b) Temperature-dependent Ti (green open circles) and Mn
(red full circles) intensities and magnetization (black line), all
normalized at 4 K. (Inset) Maximum intensity of Ti (at 466 eV)
vs Mn (at 642 eV) XMCD signal for [LMSOy/STO, ]z, N = 2,
4, and 14. The red line is a linear fit.

consistent with previous studies on LSMO/STO interfaces
[22]. Remarkably, a clear dichroic signal is also observed
at the Ti edge demonstrating the ferromagnetic character of
STO, although bulk STO is a diamagnetic band insulator.
The origin of the Ti magnetism is seen in the temperature
dependence in Fig. 3(b): The Ti magnetic moment follows
the Mn moment, in both temperature and magnitude (in-
set), demonstrating that the origin of the Ti moment is
interaction with the Mn moment. A rough estimate of the
magnitude of the magnetic moment of Ti M, =
—0.04 5/ at; was obtained by applying sum rules [23].
The negative value of the Ti moment means that its direc-
tion is opposite to the magnetic field and, hence, that the
Mn-Ti coupling is antiferromagnetic. This calculated value
can be considered a lower bound, because sum rules ap-
plied to early transition metal oxides are known to seri-
ously underestimate the moment due to the small spin orbit
splitting of the 2p,,, and 2p;,, core levels [24]. The
present case is fundamentally different from previous re-
ports of interfacial magnetism involving LSMO like the
case of Cu [14] or Fe [16], where the interfacial magnetism
is a consequence of a reordering of preexisting (antiferro-
magnetic) moments, because here no magnetic moment is
expected on Ti atoms for an empty Ti*" d band. Since the
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1, orbitals in STO are located slightly above the Fermi
level of the manganite, orbital hybridization may drive an
electronic reconstruction at this interface [25]. In particu-
lar, we propose a scenario where hybridized “down” d,, .
bonding orbitals reside lower in energy than the hybridized
“up” bonding d5.._ 2 orbital. This hybridized-orbital pic-
ture is a natural consequence of the lattice mismatch
between STO and LSMO and the reduced electron density
in LSMO compared with undoped LaMnO5. The former
increases the energy level of the bonding d5._,» orbital,
and the latter suppresses the occupation of the bonding
d;2_ 2 orbital. These effects cooperatively destabilize the
ferromagnetic coupling via either the double-exchange or
superexchange interaction mediated by the d3._ . orbital
[17]. Because of the charge transfer occurring at this inter-
face and electron doping by the La, ;Srq ;O layer, Tiis in a
mixed 3 + /4+ oxidation state at the interface, resulting in
the antiferromagnetic coupling with respect to Mn.

We now discuss the enhanced magnetization and
transport of the samples with ultrathin spacers
([LSMOg/STO, Jg) in terms of a magnetic coupling mecha-
nism mediated by the Tiinduced magnetism. Ti atoms at the
interface are antiferromagnetically aligned to Mn moments
in the LSMO, probably as a consequence of the hybridiza-
tion process of Ti d,, ,,, orbitals. These electrons residing in
d,, . orbitals at the interface provide a mechanism for the
magnetic coupling of the manganite layers if the STO layer
is thin enough [see the bottom panel in Fig. 1(c)]. The effect
of coupling is to order the interface spins and so to increase
the saturation magnetization and Curie temperature and to
reduce the low temperature magnetoresistance. The physi-
cal mechanism of the coupling could be through direct
exchange by free carriers of the STO spreading into 1-2
unit cells [26] or by a ferromagnetic superexchange mecha-
nism between f,, electrons that may be allowed by
Goodenough-Kanamori rules in single occupied orbitally
degenerate 1,, orbitals. Although we also detect a magnetic
moment at interfacial Ti in samples with thicker STO
layers, this magnetism is confined to the interface as in
this case there are no electrons in the d band of Ti in the
bulk of the STO layers [see the top panel in Fig. 1(c)]. This
suppresses magnetic coupling for thick STO.

In summary, we have found a magnetic coupling be-
tween LSMO layers through (nominally insulating
and diamagnetic) STO spacers. This interaction originates
at the electronic reconstruction occurring at the inter-
face between LSMO and STO. Charge is transferred to
the empty conduction band of the titanate, and as a
consequence the oxidation state of the Ti is reduced
as shown by electron-energy-loss spectroscopy measure-
ments. An XMCD experiment evidences that the Mn-O-Ti

superexchange interaction at the interface induces a mag-
netic moment in Ti. This provides the channel for the
magnetic interaction between LSMO layers when the
STO is thinner than 1 nm, resulting in the magnetic cou-
pling of the manganite layers and a suppression of the
magnetic dead layer. The bulk magnetic and transport
properties are then determined by this interfacial spin
reconstruction.
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