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Combining atomic-resolution scanning transmission electron microscopy (STEM) images and electron-

energy-loss spectroscopy spectra in aberration-corrected STEM, first-principle calculations, and spectra sim-
ulations, we investigate the origin of the surface state in a LaCoO; nanoparticle. We show that a LaCoO;
nanoparticle appears as the core-shell structure, where the core has the mixture of low- and high-spin states and
the shell has increased concentration of the high-spin state. Based on experimental observations and theoretical

calculations, we propose that it is neither the oxygen vacancy nor strain but the suppression of oxygen octahedral
tilting due to surface reconstruction that plays a dominant role in the spin-state crossover to the higher-spin state
at the surface. These results provide great insights into understanding the origin of ferromagnetism as well as the

enhanced electrocatalytic activity in this compound.

DOLI: 10.1103/PhysRevB.99.115401

I. INTRODUCTION

Surface reconstruction is a ubiquitous phenomenon in
the perovskite oxide surface, and would inevitably result in
different atomic structure and electronic configuration at the
surface from the bulk counterpart [1]. Therefore, to measure
atomic and electronic reconstruction at the surface becomes
necessary to understand novel surface states and important
parameters that govern the surface properties. Recently, the
surface state of perovskite cobaltite LaCoO3 has attracted
much attention due to its excellent electrocatalytic activity
[2,3], which was proposed to be closely correlated with
the spin-state transition at the surface. In fact, the LaCoOs3
bulk exhibits intriguing magnetic properties, i.e., the spin
state can be easily controlled by various factors rather than
magnetic field, such as strain [4,5], oxygen vacancy, and
lattice distortions [6-9]. In LaCoOs3, the specific spin state
mainly depends on the competing among Hund exchange
energy (Ae), crystal-field splitting energy (Acr) between
o and e, orbitals, and d-orbital valence bandwidth (W).
While A, is an intrinsic material constant, both Acg and
W are easily perturbed through external parameters induced
lattice distortions, such as Jahn-Teller distortions and oxygen
octahedral rotation [9,10]. Therefore, the structural distortions
arising from atomic reconstruction at the surface would lead
to changes in the spin state, electronic configuration, and
consequently the surface properties.

LaCoOj3 bulk exhibits diamagnetic behavior at low tem-
perature, and some Co ions would be thermally excited to
higher-spin state above 35 K [11]. However, experimental
findings demonstrated that the ferromagnetic ground state can
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be measured in the strained LaCoOs film and the surface of
LaCoOs; bulk and nanoparticle [12—17]. Although it has been
well established that the ferromagnetism in LaCoOj3 arises
from the transition from the low-spin state (S = 0,LS) to
intermediate- (S = 1, IS) or high-spin state (S = 2, HS), the
origin of the spin-state transition is still in debate. Due to the
complexity of the epitaxial LaCoOs3 film, such as epitaxial
strains and oxygen vacancy [3,8,18,19], it is still unclear
whether the ferromagnetism is due to nonstoichiometry or
is an intrinsic feature of the strained LaCoO5; material itself
[20,21]. On the other hand, LaCoO; nanoparticles which
show surface ferromagnetism due to surface reconstruction
allow us to compare the ferromagnetic shell and diamagnetic
core at the same sample, if both structure distortions and
electronic structure can be well characterized at the atomic
scale. However, to well characterize the atomic and electronic
structure at the surface is still challenging, owing to the dom-
inant bulk information over the very weak surface signals. In
this paper, using aberration-corrected scanning transmission
electron microscopy (STEM) and theoretical calculations, we
systematically studied the structure distortions and electronic
structure at the surface of a perovskite LaCoO3; nanoparticle.
The core-shell structure was well confirmed by both the
annular bright-field (ABF) images and electron-energy-loss
spectroscopy (EELS) measurements. It was demonstrated that
it is the suppression of oxygen octahedral tilting rather than
oxygen vacancy that triggers the ferromagnetic surface state
in a LaCoOj3 nanoparticle.

II. EXPERIMENTAL AND COMPUTATIONAL DETAILS

LaCoO3; nanoparticles were synthesized by a sol-gel
method, as reported in Refs. [22] and [23]. STEM im-
ages and EELS measurements were performed on a JEOL-
ARM200F microscope, operated at 200 kV and equipped with
a probe-forming aberration corrector and Gatan image filter

©2019 American Physical Society
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FIG. 1. Aberration-corrected STEM images for LaCoO3 nanoparticles taken along the [2 4 1] (a)—(c) and [2 1 1] (d)—(f) zone axes indexed
by the rhombohedral structure. The HAADF-STEM images (a), (b), (d), (e) show the morphology and crystallinity near the edge of the
particles. The ABF-STEM images (c), (f) directly display the Co-O terminated surfaces for these nanoparticles. The blue, yellow, and red balls

denote the La, Co, and O atoms, respectively.

(Quantum 965). The sample used for TEM characterization
was prepared by homogeneously dispersing nanoparticles in
ethanol through ultrasonic vibration, and then one drop of
such suspensions was put on lacy carbon-covered Cu grid. For
high-angle annular dark-field (HAADF) STEM images, the
semiconvergence angle is about 24 mrad, and the inner and
outer angles of the detector are 90 and 370 mrad, respectively.
For the ABF images, the range of collection angle is between
11 and 22 mrad.

First-principle electronic structure calculations were car-
ried out by density-functional theory (DFT) via the WIEN2K
code [24], and the O-K-edges spectra simulations are per-
formed by the TELNES program included in the WIEN2K code.
The exchange-correlation potential was treated by the local
spin-density approximation (LSDA) plus U (LSDA+U, where
U is on-site Coulomb interaction). Here, we used Uss = U —J
and J = 0, and U, was set at 4.5 and 8 eV for Co-3d and
La-4f orbitals, respectively. The muffin-tin radii Ry, were
2.2, 1.9, 1.5 a.u. for La, Co, and O atoms, respectively. The
maximum angular momentum of the radial wave functions
was set to 10, and R,,;Kn.x was fixed at 7.0 to determine
the basis size. Due to the limitation of DFT method to the
simulation of L edges of transition-metal element, Co-L-edge
EELS spectra were simulated by the charge-transfer multiplet
method via CTM4XAS [25]. During the spectra simulations of
Co**L edges by the CTM4XAS program, the Slater integrals
were reduced to 80% of their Hartree-Fock values. For CoOg
cluster, the charge-transfer parameter is set at 2.0 eV, and
Uyq and Uy are 4.5 and 7 eV, respectively. The crystal-field
splitting energies were setto 0, 1, 2, 3,4, and 5 eV for different
spin states.

III. RESULTS AND DISCUSSION

Figure 1 shows STEM images taken from two typical
LaCoO; nanoparticles under different orientations. It was
found from the low-magnification HAADF images [Figs. 1(a)
and 1(d)] that the diameter is about 70 nm and the particle
tends to show certain facets rather than spherical shape. As
shown in the high-magnification HAADF images [Figs. 1(b)
and 1(e)], the particles exhibit almost perfect lattice fringes,
and no defects or oxygen vacancy stripes were found. In
addition, it has been reported that the terminated surfaces in
perovskite surfaces are closely correlated with the magnetism
as well as the catalytic activity. In our experiments, both ABF
images taken from [2 1 1] [Fig. 1(c)] and [2 4 1] [Fig. 1(f)]
zone axes directly show Co-O terminated surfaces, in good
agreement with the proposal by photoemission spectra [16].

Since the surface reconstruction occurs only in several
atomic layers, we made full use of atomic-resolution EELS
spectra to investigate the electronic structure of the surface.
As shown in Fig. 2, the spectra taken from the nanoparticle
center are almost the same as those reported for LaCoO3 bulk
[26,27], but both O K [Fig. 2(a)] and Co L, 3 [Fig. 2(b)]
edges taken from the surface region are much different from
those from the center region, including peak intensities and
energies. In the O K edges [Fig. 2(c)], prepeak a shows
decreased intensity and peak b shifts towards lower energy
near the surface. The L3 peak in Co L3 edges [Fig. 2(d)] also
shifts towards lower energy near the surface. Both EELS and
x-ray absorption spectroscopy measurements have demon-
strated that the prepeak a at around 530 eV in the O K edges
is closely correlated to the spin configuration of LaCoQOs,
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FIG. 2. EELS spectra recorded from a LaCoO; nanoparticle.
(a), (b) O K (a) and Co L, 3 (b) edges taken from the center (magenta)
and edge (black) of the nanoparticle. (c), (d) A series of O K (c) and
Co L (d) edges taken through line scanning from the center to the
edge of the nanoparticle, as indicated by the red arrow in Fig. 1(d).

i.e., the higher-spin state shows lower prepeak intensity, as
reported in the previous papers [18,19,27-30]. Therefore,
these experimental findings definitely suggest a surface state
which is much different from the bulk state.

In order to further confirm the distribution of the surface
state, both surface and bulk states were mapped in the two-
dimensional real space by using the multiple linear least-
squares (MLLS) fitting, as shown in Fig. 3(a). It was clearly
seen that the surface state only appears very near the nanopar-
ticle edge, forming a core-shell structure in which the core
is encapsulated by the shell with different electronic state.
From the intensity profiles [Fig. 3(b)] integrated along the
direction parallel to the surface, the shell thickness (#;) is
estimated to be 3.5 nm, which is in good agreement with that
measured by scanning superconducting quantum interference
device microscopy [14].

It was well known that the fine structures in EELS spec-
tra are closely correlated with the electronic structure in
transition-metal oxides [31]. For Co L, 3 edges which origi-
nate from the excitations from the inner 2p to unoccupied 3d
orbitals, both the energy onset of L3 peak and the white-line
branching ratio [/3/(I; + I3), where the I, and I3 are the inte-
grated intensity of L, and L3 peaks] are sensitive to many fac-
tors such as oxidation state and spin state. Firstly, we consider

the effect of oxidation state which depends on the oxygen
content. Figure 3(c) shows the dependence of O:Co atomic
ratio on the distance away from the nanoparticle edge. Unlike
the notable interface as observed in Fig. 3(b), the atomic
ratio remains almost constant except for the outmost layer.
The slight reduction at d > 7nm arises from the measuring
error due to the increased thickness around the nanoparticle
center, while the increased ratio at the outmost layer likely
arises from Co cations vacancy or the chemisorption of
oxygen, as reported in previous literature [12,14]. Therefore,
the used LaCoOj3 nanoparticle should be stoichiometric, and
the oxidation state of Co ions in the surface region would
be identical to that in the center. This phenomenon is quite
different from the ferromagnetic LaCoO; film in which the
presence of oxygen vacancy is proposed to play a critical
role [18].

Although the oxygen concentration is uniform in the whole
nanoparticle, the Co L, 3 edges show obvious chemical shift,
as shown in Fig. 3(d), in which the L3 peak shifts towards
lower energy nearby the nanoparticle edge. Therefore, such
chemical shift would originate from the different spin states.
In addition, for transition-metal elements, the changes in
the local magnetic moment can be well characterized by
the branching ratio of the white line [32,33]. As shown in
Fig. 3(e), the branching ratio shows obvious increase near
the nanoparticle edge, indicating an increase in magnetic
moment. As indicated by the dashed green line, a notable
interface can be found around d = 3.5 nm, in good agreement
with the MLLS fitting [Fig. 3(b)]. Therefore, both chemical
shift and branching ratio undoubtedly suggest a spin-state
transition towards the higher-spin state at the surface. In
LaCo03, the spin state is sensitive to the e,-t>, gap (A), where
A = Acg—W/2 [10]. For diamagnetic Co>t, the th, orbitals
are fully occupied and the e, orbitals are empty. During the
spin-state transition, there exists electron hopping from the
I, t0 e, orbitals, leading to an increase in magnetic moment.
That is, there are more e, electrons in the magnetic state than
those in the diamagnetic state. Therefore, an increase in e,
electrons means the reduction in the e,-f;, gap, and the Co-e,
band would move downwards, leading to the shift of Co L
edge towards lower energy. That is why the L3 peak shifts
towards lower energy even when the oxidation state is not
changed. The changes in the occupancy of e, orbitals can
be also found in the O K edges. As shown in Fig. 3(f), the
intensity of prepeak a, which is proportional to the holes
in e, orbitals hybridized strongly with O-2p orbitals, shows
a notable decrease near the nanoparticle edge, indicating an
increase in e, electrons and the resultant higher-spin state in
the surface region.

To further confirm the higher-spin state in the surface
region, we performed spectra simulations for O K edges by
DFT method and Co L edges by charge-transfer multiplet
model. Here, the experimental rhombohedral structure (R-3c)
was used in the DFT calculations. Although the outmost layer
is much different from the bulk, the inner atomic layers in the
shell would have the similar symmetry to the bulk. In addi-
tion, the previous x-ray diffraction (XRD) measurements have
confirmed the rhombohedral structure (R-3c¢) for a LaCoOj;
nanoparticle [13,17,22], and the obtained atomic-resolution
STEM images and corresponding fast Fourier transform
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FIG. 3. (a) ADF image (left) and the distribution of the bulk state (middle) and surface state (right) using the MLLS fitting of O K edges.
(b) The intensity ratio between the surface and bulk states. (c) The atomic ratio of O and Co atoms as a function of the distance away from
the particle edge. (d)—(f) The distance dependence of the L; peak energy (c), branching ratio I5/(/; + I5) for Co-L-edges spectra (d), and the
intensity ratio of peaks a and b in O K edges (e). The dashed green line denotes the interface separating the core and shell.

patterns which are taken along various sample orientations
did not show any symmetry mismatch between the core and
shell. Therefore, the shell would have the same symmetry as
the core but have different lattice distortions and surface stress
due to surface reconstruction. This case is different from the
epitaxial film in which the symmetry may be changed due to
the symmetry mismatch between the substrate and film.
Figure 4(a) displays the simulated O-K-edge spectra for
different spin states, including LS, IS, HS, and various mixed
states. It is clear that the higher the spin state, the lower
the intensity of prepeak a, i.e., the HS state has the lowest
prepeak a. By comparing the experimental O K edges with
the simulated ones, the higher-spin state in the shell can be
further confirmed. The experimental spectrum taken from the
nanoparticle center can be well reproduced by the mixture of
LS and HS states with specific LS/HS ratio, confirming the
mixed spin state for LaCoO; bulk at room temperature. As
shown in Fig. 4, the simulated spectrum from the IS state is
similar to that from the mixture of HS and LS states with
the ratio 1:1 (HS4LS), but different from the experimental
one (Fig. 2). The spectrum from the mixture of LS, IS,
and HS states is very similar to the spectrum from the IS
state. Although the mixture of IS and HS states also shows
similar spectrum features to the experimental spectrum, this
mixed state was not supported by the theoretical calculations
[8,34,35]. In fact, the spin state for the bulk at room tem-
perature is still in debate. Both the IS and mixed LS/HS
states have been predicted from theoretical calculations, but
more and more experimental measurements supported the
mixed LS/HS picture [36-41]. Based on our experimental
and simulated results, we argued that the mixed state of LS
and HS is probably the stable state. Of course, the IS state
cannot be completely ruled out, and the confirmation of the

mixed LS/HS state still needs more experimental evidence. In
addition, according to the continuous changes in the prepeak
intensity, the inner layers in the shell under room temperature
should be also in the mixture of HS and LS state rather than
the pure HS state, and the concentration of the HS state would
gradually increase near the particle edge. The good agreement
between the simulated O K edges from the HS state and the
experimental one taken from the particle edge suggests the HS
state at the outmost layer of the nanoparticle.

Due to the large core-hole effect for L edges of transition-
metal elements, the DFT method based on one-electron ap-
proximation is difficult to reproduce the experimental spectra.
Therefore, the charge-transfer multiplet method was used to
calculate the Co L, 3 edges. In order to probe the relationship
between the Co L, 3 edges and spin states, the spin states
were tuned as a function of the e,-t5, gap, A = Acg—W/2,
where W remained constant and only Acg was changed.
Therefore, a decrease in crystal-field splitting would lead to
a decrease in the e,-5, gap and in turn the increased local
magnetic moment, i.e., higher-spin state [42]. As shown in
Fig. 4(b), when the crystal-field splitting energy is decreased,
the Co L, 3 edges shift towards lower energy. That is, the
larger the local magnetic moment, the lower the energy of Ls
peak. This fact well supports our argument that the chemical
shift observed in experimental Co L, 3 edges originates from
different spin states. In addition, it was found that a decrease
in the crystal-field splitting results in an increase in branching
ratio, in consistence with the relationship between magnetic
moment and branching ratio [33]. Therefore, both O K and
Co L, 3 edges suggest the higher-spin state in the shell. It was
also found that the HS and LS crossing point is estimated
to be at Acgp = 2.1eV, similar to the previously reported
value [43].
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FIG. 4. (a) Simulated O K edges by DFT method for different
spin states. (b) Simulated Co L,; edges by the charge-transfer
multiplet method for different crystal-field splitting energies (10 Dq).

As discussed above, the higher-spin state in the surface
arises from the reduced e,-t>, gap which depends on lattice
distortions due to surface reconstruction. Here, atomic-
resolution STEM images were used to reveal the microstruc-
tural properties, such as lattice strain and oxygen octahedral
tilting. Through the quantitative analysis for the atomic-
resolution HAADF-STEM images (Fig. 1), it was found that
the surface region has almost the same lattice spacing as the
center region. Because of the measurement error, there may
exist small lattice strains due to the surface reconstruction.
Although a LaCoO; nanoparticle shows lattice expansion,
as demonstrated by XRD measurements [13,44], the strains
generated by lattice expansion (<0.2%) are much smaller
than that in the epitaxial film (2% for SrTiO3 substrate). On
the other hand, the previous theoretical calculations predicted
that a 2.5% tensile strain is necessary [45], while experi-
mental findings demonstrated that about 1.0% tensile strain
is enough to trigger the spin-state transition [7,46]. In our
STEM observations (Fig. 1), the lattice expansion in the shell
is much smaller than 1.0% and almost undetectable, so the

surface lattice expansion would not play a dominant role in
the observed spin-state crossover in a LaCoO3 nanoparticle.

Another kind of structural distortion which is closely cor-
related with the magnetic ordering is the oxygen octahedral
tilting, as reported by previous theoretical calculations and ex-
periments [7,10,47]. Thanks to the aberration-corrected ABF
image in which heavy La and Co atoms and light O atoms can
be all imaged in one single image, we are able to measure
quantitatively the oxygen octahedral tilting and distortions
[48-50]. The rhombohedral structure of the space group R-3¢
is transformed from cubic structure with oxygen octahedral
rotation/tilting mode, a”a"a~, that is, the aac° tilting
angle is equal to the a’a’c™ rotation angle. For the a’a’c™
rotation, it is almost impossible to measure the rotation angle
from ABF-STEM images taken along the [0 O 1] direction
(indexed by pseudocubic structure), because of the opposite
displacement of oxygen atoms in the adjacent layers. Since
the a®a’c~ rotation angle is the same as the a~a~c” tilting
angle for the rhombohedral structure, we only need to measure
the a—a~c? tilting angle. Here, the a~a~c? tilting angle can
be measured from the ABF-STEM images taken along the
[1 1 0] direction (indexed by the pseudocubic structure) which
corresponds to the [2 1 1] direction in the rhombohedral struc-
ture. Figure 5(a) shows the dependence of octahedral tilting
on the distance away from the nanoparticle edge. It was found
that the tilting angle remains constant in the center region but
shows obvious reduction near the surface. The thickness of
the surface region (¢, &~ 3.5 nm) estimated from tilting angle
is quite consistent with that from EELS spectra. Therefore,
we believe that the spin-state transition deduced from EELS
spectra is closely correlated with the change in octahedral
tilting. The suppression of oxygen octahedral tilting leads
to the increased d-orbital bandwidth and consequently the
reduced e,-fp, gap in favor of the higher-spin state, and thus
the surface shows the higher-spin state than the nanoparticle
center.

Due to small strain and uniform oxygen concentration at
the surface region, the suppression of oxygen octahedral tilt-
ing would be dominantly controlled by the surface reconstruc-
tion [12,16]. Both ABF and HAADF images demonstrated
that LaCoOj3 nanoparticles show Co-O terminated surface, as
shown in Fig. 5 and Fig. 1 in which the Co columns do not
show notable displacements but the oxygen columns become
blurred at the outmost layer. That is, the dangling bonds lead
to the rearrangement of oxygen at the outmost layer, and thus
the corresponding oxygen octahedral tilting would be much
different from that in the bulk. The suppression of the outmost
octahedral tilting would influence the octahedral tilting at the
subsurface layer and propagate to several unit cells, similar
to the oxygen octahedral coupling at the interface of oxide
heterostructures [51]. In addition, the suppressed octahedral
tilting is usually accompanied with the lattice expansion, so
small surface strain would be expected, as discussed above.

In order to further understand the relationship between
the spin state and oxygen octahedral tilting, we performed
DFT calculations using the fixed-spin-moment method.
Figure 5(b) shows the Co—O—Co bonding angle dependence
of total energy for LaCoO; at different magnetic states, i.e.,
diamagnetic LS (S = 0) and ferromagnetic IS states (S = 1),
where large Co—O-Co bonding angle corresponds to small
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FIG. 5. (a) Oxygen octahedral tilting angle as a function of the
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and La atoms, respectively. (b) Calculated total energy for different
spin states as a function of Co—O-Co bonding angle. The inset
displays the structure model with oxygen octahedral tilting (a~a~c®),
showing its relationship with the bonding angle S.

oxygen octahedral tilting angle. Because the calculated total
energy of the HS state is much larger than that of LS and IS
states, the energy curve for the HS state is not shown here. It
was found that the LS state is the favorable state for the bulk
material at 8 &~ 164°. It must be noted that the electronic state
obtained by the DFT calculations corresponds to the ground
state at zero temperature rather than the real electronic state
at room temperature. That is why the EELS spectra taken
from the center of a nanoparticle indicate a mixture of HS and

LS states. When the oxygen octahedral tilting is suppressed,
that is, the Co—O-Co bonding angle is increased, the energy
difference between the diamagnetic and ferromagnetic states
becomes more and more small, and the total energy of the
diamagnetic state becomes higher than that of the ferro-
magnetic state at 8 > 171.5°. That means the ferromagnetic
state would become the favorable state at large Co—O-Co
bonding angle [16]. According to our STEM observations,
this IS state at the surface would be thermally excited to the
mixture of LS and HS state under room temperature with the
higher concentration of HS state than that in the bulk [52].
Usually, the spin-state crossover is proposed to be driven by
the strain, and it was predicted by theoretical calculations and
experimental findings that in LaCoOj; the strain-drive spin-
state transition occurs at the crossing point of 1.0-2.5% tensile
strain [7,45,46]. Therefore, in a LaCoO; nanoparticle, it is
not the tiny strain but the suppression of oxygen octahedral
tilting that is mainly responsible for the appearance of the
higher-spin state in the surface. In addition, the increased
Co-0-Co bonding angle would result in strong hybridization
between Co 3d and O 2p orbitals which is favorable for the
higher-spin state and ferromagnetic superexchange interaction
[7,45]. This result well explains the observed higher-spin state
and ferromagnetism in the shell.

IV. CONCLUSION

In summary, using atomic-resolution EELS measurements
and spectra simulations, it was found that in a LaCoO;
nanoparticle, the surface region with a thickness of about
3.5 nm exhibits higher-spin state than the center, forming a
core-shell structure at room temperature. The ABF images
combined with the theoretical calculations demonstrate that
the spin-state crossover originates from mainly the suppres-
sion of oxygen octahedral tilting in the surface induced by
surface reconstruction. Here, the oxygen vacancy and tensile
strain, which are proposed to play a critical role in the fer-
romagnetic epitaxial LaCoOs3 film, hardly contribute to the
increased population of HS state at the surface of nanoparticle.
These findings not only provide rich information about the
surface reconstruction in perovskite cobaltite, but also offer
great insights into understanding the origin of ferromagnetism
in this compound.
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