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Heterostructures composed of different perovskite
transition-metal oxides have attracted considerable at-
tention because of the variety of exotic magnetic proper-
ties that emerge at their interfaces, which cannot be ac-
complished in the bulk constituents [1, 2]. For example,
for the heterostructures of LaNiO; (LNO) and LaMnO,
(LMO), the charge transfer Ni** + Mn* — Ni#* + Mn*
occurs across the interface. As a result, ferromagneti-
cally coupled magnetization is induced between Ni and
Mn ions [3-5], although the constituent LNO and LMO
are a paramagnetic metal and an antiferromagnetic
insulator in their bulk forms, respectively. We have re-
cently revealed the existence of an asymmetric spatial
redistribution in the transferred charges at the (001)-ori-
ented LNO/LMO interface: the transferred electrons are
confined inside the one monolayer (ML) LNO, while the
holes are distributed over 3—4 ML LMO [6]. In this study,
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Ni-L, 3 XMCD spectra of the LMO 5 ML/LNO n ML/
LMO 20 ML trilayer structures (n = 2, 3, 4, and 5) and reference
spectrum of a 20 ML LNO film. The corresponding Mn-L, ; XMCD
spectra of the top and bottom LMO layers are shown in the inset.
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we investigated the relationship between this asymmet-
ric charge redistribution and the resultant ferromagne-
tism at the LNO/LMO interface by using X-ray absorp-
tion spectroscopy (XAS) and X-ray magnetic circular
dichroism (XMCD) techniques.

shows the Ni-L,; XMCD spectra of the
sandwiched LNO layers in the LMO 5 ML/LNO n
ML/LMO 20 ML trilayers and reference spectrum of
the 20 ML LNO film. As expected, no XMCD signal is
observed for the LNO film, reflecting its paramagnetic
properties. In contrast, clear XMCD signals are ob-
served for the LMO/LNO/LMO trilayers, whose intensi-
ties decrease monotonically with increasing n, indicating
that the magnetization of Ni ions emerges at the inter-
face. The line shapes of the Ni-L, XMCD spectra for
all LMO/LNO/LMO trilayers remain almost unchanged
within experimental accuracy and closely resemble
that of Ni** states [3]. Considering that Ni** states are
present only in the 1 ML LNO at the interface [6], these
results indicate that magnetization is induced only in the
Ni** ions of the 1 ML LNO adjacent to the interface as a
result of the interfacial charge transfer. As shown in the
inset of , the signs of the Ni-L,; XMCD signals of
the sandwiched layer and Mn-L,; XMCD of the top and
bottom LMO layers are the same, indicating that the
magnetization vectors induced in both ions align ferro-
magnetically. Furthermore, element-selective sum-rule
analysis has revealed that the induced effective spin
moments are about 0.2-0.3 pi/Ni ion, which are signifi-
cantly smaller than the full moments of the Ni** states
(2 pe/Niion).

As for the corresponding magnetic states of Mn ions,
Mn-L,; XMCD spectra of the LNO 5 ML/LMO 6 and
12 ML/LNO 20 ML sandwiched structures indicated that
not only Mn*" states in the original LMO but also Mn**
states which result from the charge transfer contributed
to their ferromagnetism. In addition, the magnetization
degree of Mn ions in the interfacial region characterized
by charge redistribution was higher than that in the inner
region of LMO [7].
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Schematic illustrations of possible interfacial magnetic structures with asymmetric charge redistributions. AFM denotes
antiferromagnetism and FM ferromagnetism; SE denotes superexchange interaction and DE double exchange interaction.

Based on the XMCD results, we proposed a possible
mechanism for the emergence of the ferromagnetism at
the (001)-oriented LNO/LMO interface, as schematically
depicted in . In the interfacial region of the LMO
layer, the ferromagnetic coupling is stabilized by the fer-
romagnetic double exchange (DE) interactions between
Mn*(d" high spin (HS)) and Mn*(d® HS) ions. As for
the LNO layer, according to the Kanamori-Goodenough
(KG) rules, the spins of Ni** ions within the 1 ML LNO
layer at the interface are expected to couple with each
other in antiparallel due to the strong antiferromagnetic
superexchange (SE) interaction of Ni**(cf)-O-Ni**(cP)
bonds. Meanwhile, along the out-of-plane direction,
ferromagnetic SE interactions obeying the KG rules
should exist between Ni and Mn ions bonded via oxy-
gen across the interface, mostly Ni#*(d®)-O-Mn*(d® HS)
bonds and Ni**(c?)-O-Mn*(d" HS) bonds. As a result,
the delicate balance between the out-of-plane and in-
plane exchange interactions may cause spin canting of
Ni ions within the 1 ML LNO at the interface, as shown
by the green arrows in , resulting in the observed
weak ferromagnetism.

If the charge redistribution was absent in the LMO
layer, the ferromagnetism in the interfacial LMO layer
could not exist because Mn* spins align antiferromag-
netically, resulting in the expected absence of macro-
scopic magnetization of Mn and Ni ions at the (001)-ori-
ented LNO/LMO interface. However, clear XMCD
signals were actually observed for both ions. This
suggests that the stabilization of the ferromagnetism in
LMO layers due to the interfacial charge redistribution

and simultaneous ferromagnetic coupling between Ni
and Mn spins are the key factors inducing the unique
interfacial magnetism of the (001)-oriented LNO/LMO
interface [7].
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