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The perovskite oxide heterointerface is a complex and fascinating region where charge transfer dramatically
alters the coupling between charge, spin, orbital, and lattice order, resulting in novel phenomena absent in
bulk materials. Understanding and controlling these interfacial effects is crucial for designing and optimizing
oxide heterostructures for potential applications. Specifically, charge transfer can stabilize and enhance the
ferromagnetic order at the interface, effectively improving the properties of magnetic materials. In this work, a
detailed investigation of the LaCoOs/La,,3Sr;,3MnOj3 heterostructures revealed Mn-Co ferromagnetic coupling
induced by charge transfer at the interface. Remarkably, this interfacial ferromagnetic coupling dramatically
increased the Curie temperature of the LaCoOs film up to 190 K, which is significantly higher than the single
LaCoO; film. Using surface-sensitive x-ray absorption spectra and x-ray magnetic circular dichroism, we find
sizable Co?* forms from the charge transfer between Mn-Co sites at the interface. Combined with density
functional theory calculations, it is clear that the e,’-O-e,> type Mn*"-O-Co*" superexchange interaction is
at the root of the strong ferromagnetic coupling behavior. This work demonstrates that interface modulation in
perovskite heterostructures can be a powerful tool for manipulating overall magnetism. It also underscores that
perovskite oxide interfaces provide an ideal platform for exploring intricate interactions between different order

parameters and inducing novel interfacial effects.

DOI: 10.1103/PhysRevB.109.174423

I. INTRODUCTION

Perovskite oxide heterojunctions attract extensive interest
due to their diverse and intriguing physical phenomena, such
as high mobility electron gas [1,2], metal-insulator transition
[3], topological Hall effect [4], and superconductivity [5].
These phenomena are strongly sensitive to the interfacial ef-
fects, so the artificial heterointerface provides a new degree of
freedom to modulate such remarkable properties effectively.
Interfacial charge transfer is widely observed and causes
charge redistribution among different perovskite compounds,
leading to unique interfacial phenomena. Specifically, the in-
terfacial effects in magnetic heterojunctions induced many
emergent properties such as the exchange bias at the mag-
netic superlattices [6,7], the emergence of ferromagnetism
in StMnOj3 /SrlrO; superlattices [8], and enhanced ferromag-
netism at the CaRuQs3/Lag 67Cag 33MnQOj interface [9].

Ferromagnetic insulators are vital for the advancement
of novel magnetic devices, such as microwave devices [10],
permanent magnets [11], magnetic tunneling junctions [12],
and spintronic devices [13]. The LaCoO; (LCO) thin film
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is one type of ferromagnetic insulator with great potential,
but its Curie temperature (7¢) is still too low for practical
applications [14]. Compared to bulk LCO with a nonmagnetic
ground state of Co®" low spin (LS; 1,%¢,’, S= 0), the LCO
film exhibits a T¢ of approximately 90 K under tensile strain
[15], with mixed spin states of Co** LS and Co’* high spin
(HS; t25*e,?, S= 2) [16]. Although the magnetic origin of the
LCO films is still under debate, it is generally accepted that
the Co>* — HS state facilitates ferromagnetic ordering [17].
Leveraging the synergistic modulation of interfacial charge
transfer as well as magnetic exchange coupling was consid-
ered a sufficient way to improve the ferromagnetic ordering
temperature T¢ of ultrathin LCO film.

Given the additional interfacial magnetic exchange cou-
pling, it is reasonable to hypothesize that the ferromagnetism
of ultrathin LCO film will be enhanced at the interface
with ferromagnetic Lay;3Sr1,3MnO; (LSMO), accompanied
by the anticipated charge-transfer behavior. In this work, a
high-quality LCO/LSMO heterostructure interface was cre-
ated to enhance the ¢ of the LCO layer. Investigations of the
element-specific x-ray magnetic circular dichroism (XMCD)
spectra at the Co and Mn L edges and temperature-dependent
magnetization have revealed a ferromagnetic state of LCO
with a Tz of 190 K. The reduction of Co®* to Co** charac-
terized by the x-ray absorption spectroscopy (XAS) suggests
charge transfer from Mn to Co near the LCO/LSMO interface.
Here, the enhanced 7 of LCO is caused by the Mn**+-O-Co?*

©2024 American Physical Society
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FIG. 1. (a) In situ RHEED patterns during growth of the 4LCO/20LSMO heterostructure. (b) X-ray reflectivity data and the fit of the

4LCO/20LSMO heterostructure. Insets: x-ray SLD depth profile.

superexchange interaction (ego-O-eg2 type) triggered by the
interfacial electron transfer process.

II. MATERIALS AND METHODS

Single TiO,-terminated SrTiO3; (STO) substrates were ob-
tained by etching with a standard buffered oxide etch solution
and subsequent annealing at 950 °C for 1 h [18]. The single
layer of LCO, LSMO, and LCO/LSMO heterostructures was
grown on (001) STO substrates by a homemade laser molec-
ular beam epitaxy using a KrF excimer laser operating at
248 nm. The laser fluence and repetition rate were 1.5J/cm?
and 4 Hz, respectively. The typical substrate temperature was
600 °C, and the oxygen partial pressure was 0.15 mbar. The
thickness of each sublayer is precisely controlled by in situ
reflection high-energy electron diffraction (RHEED). Both the
good oscillation and sharp RHEED diffraction patterns ensure
the layer-by-layer growth of the films with precise control at
the single unit cell (u.c.) level [in Fig. 1(a)].

The sample’s layered structure and thickness were charac-
terized by x-ray reflectometry (XRR) using a high-resolution
Malvern Panalytical diffractometer (A= 1.5406 A). Further
XRR fitting was conducted by GENX software to decipher
the individual thickness of LCO and LSMO. The magnetic
property measurements were carried out by a superconducting
quantum interference device (SQUID; Quantum Design,
MPMS 3) magnetometer. The magnetization (M-H) loops for
the heterostructure were measured at 7= 10 K. The sample
magnetization was acquired by subtracting the diamagnetic
contribution from the STO substrate. After 5000 Oe field cool-
ing to 2 K, the temperature-dependent magnetization (M-T)
of the sample was measured during warm-up upon processing
with applied magnetic field 500 Oe along [001] orientation. To
shed light on the interfacial magnetic contributions to the fer-
romagnetic state observed in heterojunctions, we performed
XAS as well as XMCD measurements at the 3d transition
metal (Co, Mn) L, 3 edges as a function of temperature. Using
the horizontal linear polarized x ray, the XAS was measured
in total electron yield mode to determine the valence states of
Co and Mn ions. The dichroic XMCD signal was recorded as
the difference in the x-ray absorption spectra measured under

a magnetic field of uoH = +7 T applied perpendicular to the
sample surface, with a parallel (o ™ )/antiparallel (o ™) circular
helicity beam. The XAS and XMCD measurements were
conducted at the beamlines MCD-A and MCD-B (Soochow
Beamline for Energy Materials) at National Synchrotron
Radiation Laboratory (NSRL) and the VEKMAG end station
at the PM-2 beamline of the Bessy II electron storage ring
operated by the Helmholtz-Zentrum Berlin [19], respectively.

III. RESULTS AND DISCUSSION

For the 4-u.c. LCO/20-u.c. LSMO (4LCO/20LSMO) het-
erostructure, the thicknesses of the LSMO and LCO layers are
extracted from the XRR characterization in Fig. 1(b) and are
79 4+ 1 and 15 =+ 1 A, respectively. These results are consistent
with the c-axis lattice constant of 3.94 and 3.75 A for LCO
and LSMO, respectively. The x-ray scattering length density
(SLD) depth profile in Fig. 1(b) reveals a slight decrease in the
density of LSMO within a thickness range of 64—79 + 1A,
indicating a lattice distortion of LSMO within a range of
approximately four u.c. at the interface. The RHEED and
XRR results demonstrate that the LCO/LSMO heterostructure
interface exhibits atomic-level flatness, which forms the basis
for strong interfacial effects.

The M-T curve of the 4LCO/20LSMO heterostructure is
shown in Fig. 2(a). Two ferromagnetic transition points are
extracted at approximately 320 and 190 K, according to the
quantitative fitting based on the expression M o (1—T /T¢)?
[20]. As depicted in Fig. 2(b), the T¢ of single LSMO and
LCO films are observed to be approximately 320 and 76 K,
respectively, aligning with the reported work [15,21]. Conse-
quently, the ferromagnetic transition at approximately 320 K
can be attributed to the thicker LSMO film layer, and the slight
decrease from 370 K for bulk LSMO [22] is due to the reduced
thickness [23-25]. In addition, the T¢ of 190 K significantly
exceeds that of 76 K for the single LCO film, suggesting that
the interfacial ferromagnetic state contributes to this ferro-
magnetic transition. At the interface of transition metal oxide
heterostructures, significant charge-transfer effects often oc-
cur with distortion of the lattice structure [23,26]. Therefore,
a plausible mechanism for the interfacial ferromagnetic state
is interfacial charge transfer and exchange coupling at the
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FIG. 2. Temperature-dependent magnetization. (a) M-T curve and the fit of the 4LCO/20LSMO heterostructure, which is contributed by
both the LSMO single layer with a transition temperature of 320 K (orange balls) and the LCO/LSMO interface with a transition temperature
of 190 K (purple balls). (b) M-T curves and the fit of the single LCO and LSMO films.

LCO/LSMO interface. Based on the band structure of LSMO
and LCO [26,27], electrons are expected to transfer from Mn
ions to Co ions due to the significant mismatch of Fermi levels
at the heterointerface, resulting in the reduction of Co ions
from +3 to +2 valence.

Further XAS analysis of Co L edges in Fig. 3 confirms
the expected interfacial charge transfer from LSMO to LCO,
as evidenced by the appearance of Co>*. As marked by the
black dashed line, a distinct “shoulder” is observed on the
left of the L3 absorption edge (near 777 eV), contrasting with
the LCO/STO heterojunction, which indicates the presence
of Co?* ions [28,29]. Moreover, a clear “shoulder” observed
on the right side of the L3 absorption edge (near 781 eV)
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FIG. 3. Normalized isotropic XAS spectra at the Co L, 5 edges of
the 4LCO/20LSMO heterostructure together with reference spectra
for various valent Co ions, indicating that approximately 25% of
Co** is converted into Co?* at the interface. The 40-u.c. LCO film
grown on the STO substrate was used as a comparison. Here, the
profile of reference Co?* is obtained by measuring CoO, and those of
Co** HS and Co** LS correspond to the experimental spectroscopy
of two different cobaltates, Sr,Coyg slrysO4 and NdCaCoOQy, respec-
tively. Insets: schematic charge transfer at the LCO/LSMO interface.

suggests the presence of a certain amount of Co®>* — LS ions
[15,23,30]. Given multiple states for the Co element in LCO,
their concentrations were obtained by linearly combining dif-
ferent reference components, including Co3t HS, Co* LS,
and Co*>* HS. Here, the profile of reference Co** is obtained
by measuring CoO [28], and those of Co** HS and Co®* LS
correspond to the experimental spectroscopy of two different
cobaltates, Sr,Cog sIrg 504 and NdCaCoOy, respectively [31].
The fit shows the presence of approximately 47% Co** — HS
ions, and 25% Co**-HS ions, leaving only 28% of nonmag-
netic Co®*-LS ions. It should be emphasized that the Co**-HS
state and the Co?*-HS ions favor magnetic ordering and
should therefore enhance the exchange interaction between
Mn and Co at the interface [17]. Analogous charge-transfer
behavior was also observed at the interface of the LCO/STO
heterostructures [23], where the charge-transfer phenomenon
is confined to appear in only a few cell layers around the in-
terface. Thus, we can conclude that the Mn-Co ferromagnetic
exchange interactions based on charge transfer occur only at
the LCO/LSMO interface, as illustrated schematically in the
inset of Fig. 3.

The Co L-edge and Mn L-edge XMCD spectra are fur-
ther separately characterized to verify the magnetic nature
at the LCO/LSMO interface. The total electron yield signal
of XMCD mainly originates from the sample surface with
a depth of 3-5 nm, corresponding to the total thickness of
the LCO/LSMO interfacial layer. Therefore, the magnetic
response measured by XMCD primarily originates from the
Co and Mn ions near the interface. Figure 4(a) illustrates the
XMCD signals measured at different temperatures for Co ions
(top) and Mn ions (bottom). Compared to bulk LCO [29], a
highly enhanced XMCD signal at the Co L edge can be ob-
served for the LCO/LSMO sample. This is consistent with that
in the LaTiO3/LaCoO3/LaTiOs heterostructure [30], where
charge transfer at the interface enhanced the LCO magnetism
by a factor of 4-6. The XMCD sum rule was used to quanti-
tatively estimate the magnetization intensity [32,33], and the
calculated values were corrected according to the beamline
polarization of 77% (PM-2 VEKMAG). In our analysis of
the Co moments, we utilized a hole count n, = 3.5, which
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FIG. 4. (a) Co (Mn) edge XMCD spectra obtained at 10, 150, and 250 K with the external field of &7 T. Remarkable XMCD signals
indicate magnetic coupling at the LCO/LSMO interface. (b) Comparison between the elemental-specific hysteresis of the LCO/LSMO interface
extracted from XMCD and the overall hysteresis of the 4LCO/20LSMO heterostructure extracted from a SQUID. (c) Temperature-dependent
magnetism extracted from XMCD and a SQUID indicates that the ferromagnetic transition occurring at approximately 190 K can be attributed

to Mn-Co coupling at the interface.

is considered that the XAS fitting showed a mixture of +2
and +3 valence Co ions in the LCO films. The total magnetic
moment of Co is determined to be 0.67 uz/Co at 10 K and
woH =7 T, which is comparable to the magnetic moment of
0.79 ug/Co observed in LCO single films obtained from the
above SQUID magnetometry results [in Fig. 2(b)]. For Mn,
we employed n;, = 6.0, which is intermediate between the
values of 5.5 for Mn>* and 6.4 for Mn** [34]. The moment of
Mn is determined to be 4.33 uz/Mn, which is notably larger
than the saturation magnetic moment of 3.67 u; /Mn for single
LSMO films [in Fig. 2(b)]. It should be noted that a correction
factor of 1.7 was applied to account for the mixing of the Ls
and L, edges of Mn [35]. This implies a remarkable alteration
in the magnetic properties of interfacial Mn and Co ions due
to the interplay of charge transfer and orbital hybridization.
The XMCD of Co ions gradually decreases with increasing
temperature, retaining a larger signal at 150 K and approach-
ing zero at 250 K. Furthermore, the XMCD signals of Co
and Mn ions at the L3 absorption edge are both negative,
implying that the coupling directions between Co and Mn
ions across the interface are parallel; that is, they belong to
ferromagnetic coupling. XMCD characteristics indicate that
a high-temperature ferromagnetic LCO was induced in the
LCO/LSMO interface.

By sweeping the applied magnetic field, we can measure
the hysteresis loops of Co and Mn ions using the XMCD

signal, as shown in Fig. 4(b). Co and Mn ions exhibit the same
hysteresis characteristics with coercivity fields of the same
magnitude corresponding to the M-H curve measured by the
SQUID. The synchronous magnetic response of Co and Mn
ions to the external magnetic field again strongly corroborates
the emergence of an unusual ferromagnetic state within the
LCO/LSMO interface, which exhibits distinct coercivity and
magnetic anisotropy from the deeper LSMO layer. Figure 4(c)
shows the variation characteristics of the XMCD signal at
more temperatures and investigates the M-T characteristics of
Co and Mn ions. By combining the XMCD signals of Co and
Mn ions in a proper ratio, the resulting ferromagnetic signal
characteristics with temperature match well with the M-T
transition characteristics measured by a SQUID. The mutual
consistency of the XMCD and SQUID signals in terms of both
microscopic magnetic moments and macroscopic magnetism
demonstrates the emergence of an unusual ferromagnetic state
within the LCO/LSMO interface, which is mediated by charge
transfer and orbital hybridization across the interface, induc-
ing a high-temperature ferromagnetic LCO layer with a T¢
up to 190 K.

We conducted a comprehensive analysis of the potential
ferromagnetic exchange coupling between Mn and Co ions
in the LCO/LSMO interface. Although the actual magnetic
interactions could be complex due to the different spin and
charge states of Co ions formed at the interface, as shown
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states (d). (e) Ferromagnetic coupling from Mn**-O-Co?* superex-
change interaction (e,’-O-¢,” type) at the LCO/LSMO interface.

in Figs. 5(a)-5(d), the dominant components were extracted
based on previous XAS and XMCD analyses. For instance,
by examining the valence state of Co ions in Fig. 3, it is
discovered that approximately 25% of Co>* HS exists in the
LCO film. This electronic state is a result of the charge transfer
from Mn to Co at the interface and plays a crucial role in the
resulting ferromagnetic coupling. It is generally accepted that
the FM insulating ground state of the LCO film is established
via the superexchange interaction within the HS-LS-HS Co**
configuration. However, this weak interaction easily vanishes
when the Co?T HS reaches a threshold ratio of ~12.5% [15],
since the exchange coupling between two Co?*'s with a half-
filled e, orbital turns out to be strong and antiferromagnetic
(AFM). This explains the disappearance of the transition tem-
perature around 85 K and implies that the ferromagnetic (FM)
transition around 190 K of the LCO/LSMO interface was
dominated by the interfacial Mn**-0-Co?* superexchange, as
shown in Fig. 5(e). The superexchange interaction mediated
by oxygen anions between Mn** ions with empty e, orbitals
and Co?*-HS ions with half-filled e, orbitals will induce an
e,"-0-¢,” type ferromagnetic order [36-39], according to the
Goodenough-Kanamori-Anderson rules. As a result, a high-
temperature ferromagnetic state with 7o ~ 190 K was induced
in the LCO film.

To address the Mn**-O-Co?* superexchange within the
current literature concerning theoretical calculations per-
taining to the LCO/LSMO interface layer, we performed
a density functional theory (DFT) simulation within the
generalized gradient approximation Perdew-Burke-Ernzerhof
(PBE) functional and the projector augmented wave method
as implemented in the Vienna ab initio simulation package
(VASP) [40,41]. These calculations enabled us to theoretically
elucidate the magnetic ground state of the interface layer. For
simplicity, we constructed an LCO (two u.c.)/LSMO (two
u.c.) interface structure; the lattice constants are a = b =
3.89A and ¢ =3.94/3.75A (LCO/LSMO) during calcula-
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FIG. 6. Atom projected density of states of 2LCO/2LSMO inter-
face for FM spin configuration in GGA+U formalism. The positive
(negative) values of DOS indicate spin-up (spin-down) channels, and
the dashed vertical line at 0 eV indicates the Fermi energy level.

tion. To consider the 33% Sr dopants and several magnetic
configurations, we built a 2 x 3 x 1 supercell. The elec-
tronic correlations on Co/Mn-3d are included by the DFT+U
method with U= 3.0 eV. The kinetic energy cutoff is set to
500 eV, and the Brillouin zone is sampled with 4 x 3 x 2
Monkhorst-Pack & grids for PBE calculations. The partial
density of states (PDOS) result is shown in Fig. 6, the orange
dashed line of Mn-#,, orbitals reveals the fully occupied up
channel and unoccupied down channel, and the green dashed
line of Co-ty, orbitals reveals the fully occupied up channel
and the partially occupied down channel. The solid line, repre-
senting the e, orbitals of Mn and Co, exhibits an apparent fer-
romagnetic interaction between Mn-e, and Co-e,. The results
of the PDOS hint at an electronic configuration with Co**-HS
state and Mn*t-HS state as shown in Fig. 5(e). Due to the
hybridization between Mn/Co-3d and O-2p, which further in-
duces the interlayer superexchange interaction, the calculated
magnetic moment of the ferromagnet is about 3.3 u; for Mn
and 2.0 u, for Co. To validate the magnetic ground state, we
also explored the relative formation energy of the G-AFM, C-
AFM, and A-AFM configurations related to the FM configu-
ration, which are 0.421, 0.284, and 0.198 eV, respectively. The
energy gap between the ferromagnet and the antiferromagnet
is about 420 meV/Co, indicating the dominant interaction be-
tween the transition metal atoms in the LCO/LSMO interface
is FM in nature. Combined with the results of the magnetic
moment, total energy, and PDOS of LSMO/LCO, we suggest
that the ferromagnetic mechanism summarized in Fig. 5(e) is
reasonable.

IV. CONCLUSION

In summary, our research concentrated on the magnetic
properties of the 4LCO/20LSMO heterostructure grown on
the STO substrates. The heterojunction is made up of two
distinct magnetic components: the complex LCO/LSMO
interface layer and the thicker LSMO film layer. A high-
temperature ferromagnetic state with a 7¢ of approximately
190 K is produced at the LCO/LSMO interface, which is much
higher than the 7¢ of a single LCO film. This phenomenon is
primarily attributed to significant charge transfer and orbital
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hybridization across the interface, which resulted in a ferro-
magnetic superexchange interaction between Mn** and Co**
ions that is mediated by oxygen anions. Finally, we further
examined the magnetic moments and PDOS of Mn and Co
using DFT calculations to provide theoretical support for our
mechanism. Our findings offer valuable insights and design
concepts for enhancing the 7¢ of LCO films and highlight
the intriguing physics and potential applications of transi-
tion metal oxide heterostructures influenced by interfacial
effects.

The data that support the plots within this paper as well as
other findings of this study are available from the correspond-
ing author upon reasonable request.
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