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Symmetry change of Co 3d orbital associated with the 500-K spin crossover accompanied
by insulator-to-metal transition in LaCoO;
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We have carried out the imaging of the electron momentum density of Co 3d electrons in LaCoOj; using x-ray
Compton scattering, in order to investigate the electron-orbital states relevant to the spin-crossover phenomenon
at around 500 K, where an insulator-metal transition takes place. The electron momentum density reconstructed
from the Compton profiles indicates the symmetry change in the Co 3d electron-orbital states between below
and above 500 K, which reveals the electron transfer from #,, to e, orbitals similar to that of the spin crossover
around 100 K. The magnitude of the anisotropy change in the Compton profiles exhibits a steep increase at
around 500 K, implying a cooperative characteristics of the 500-K spin-crossover phenomenon. The Compton
profiles also show an increment of the molecular orbital feature by the development of the hybridization between

Co 3d and O 2 p orbitals with increasing temperature.
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I. INTRODUCTION

Trivalent cobalt oxides have attracted interest because of
their diverse properties, which are attributed to the multiple
degrees of freedom on spin, orbital, and lattice associated with
3d° electronic configuration of Co>*. One of the typical exam-
ples is the spin-crossover phenomena in Perovskite cobaltite
REC00j3 (RE: rare-earth elements or Y). RECoOj3 exhibits a
broad magnetic anomaly at around 500-700 K. It has been
reported that Co®" ions in RECoO3 change its spin state from
a nonmagnetic low-spin (LS: ' Ay, 5,9, S = 0) ground state
to a magnetic excited state [1-8]. The spin-state change is
accompanied by an insulator-to-metal (I-M) transition where
the resistivity p shows a significant decrease, and exhibits a
metal-like temperature dependence above 500-700 K [7,9].
LaCoOj3 has been considered to show another spin-crossover
phenomenon at around 100 K in addition to that at around
500 K [3,10,11]. The most controversial issue regarding the
spin-crossover phenomenon in LaCoOs; is the spin states of
Co 3d in the magnetic excited state involved in the 100-K
spin crossover. Based on the ligand-field theory, most likely
excited state for Co>7 is the high-spin (HS: 5 1>, tggeé, S=2)
state, and the intermediate spin (IS: 373, tzsge;, S = 1) state is
possible [12]. In spite of the extensive amounts of research, it
has not been concluded yet whether the first magnetic excited
state is HS or IS state [13-35].

As described above, the spin-crossover phenomena in
REC00j3 cannot be simply understood by the ligand-field the-
ory in contrast to the spin crossover in most other transition-
metal compounds and complexes. One of the reasons for
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the difficulty in understanding the anomalous spin-crossover
phenomena in RECoOj is the collective nature arising from
the interactions among 3d electrons on the neighboring Co*",
which is larger than or equivalent to the energy difference
between the LS and the magnetic excited states of a single
ion [25]. This means that the spin-crossover phenomena in
RECo00j; should not be understood by the ligand-field theory
of the single CoO¢ octahedra, and should be treated with
considerations taking into account the correlation among the
Co 3d electronic-orbital states. Recently, calculations on the
basis of dynamical mean-field theory such as dp model sim-
ulation of Co 3d and O 2p orbitals [36] and proposals of
excitonic-insulating phase as a quantum mixed state between
LS and HS states [37-39] have been reported. Therefore,
detailed experimental researches on the electron-orbital states
of Co 3d responsible for the spin crossover are indispensable
for understanding the spin-crossover phenomena in RECoQOj.

In order to investigate the Co 3d electron-orbital states,
such as the symmetry and distribution of the 3d-electron
orbital states in LaCoO3, we have conducted x-ray Compton
scattering experiments. The x-ray Compton scattering exper-
iments enable the imaging of the electron density distribu-
tion in the momentum space [40-44]. The Compton profiles
J (p.) reflect the projection of the three-dimensional electron
momentum density p(px, py, p;) onto the z axis, which lies
along the scattering vector

J(p) = f f P(Pxr Py» p)dpxdps. (1)

The electron momentum density can be reconstructed using
the Compton profiles measured along the several crystal-
lographic directions. Using the Compton profiles measured
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below and above the spin crossover, we can obtain the recon-
structed electron momentum density which exhibits the Co 3d
electron-orbital states responsible for the spin-crossover phe-
nomena in LaCoOs3 [45]. We have obtained the results below
300 K [45] as (i) an orbital symmetry change demonstrating
the electron transfer from #,, to e, orbitals through the 100-K
spin crossover, and (ii) the feature of the molecular orbitals
both below and above the spin crossover resulting from the
Co(3d)-O(2p) hybridization in Co 3d states, which has been
argued previously [17,18,28,46].

In this paper we report the results of the x-ray Compton
scattering experiments on LaCoOj3 below and above 500 K.
The previous reports of the magnetic susceptibility and the
%9Co Knight shift of RECoO; exhibits broad steplike anoma-
lies at around 500-700 K, where the I-M transition takes
place [5-7,16]. These facts suggest a significant change in the
electron-spin states of Co** at around 500700 K in RECo00s3,
although few researches on the electronic state associated
with this spin-crossover phenomena in perovskite cobaltites
have been reported. Thus we have investigated the electron
momentum density of the Co 3d states in LaCoOj3 in order
to evaluate the characteristics of the electron-orbital states
responsible for the spin-crossover phenomenon accompanied
by the I-M transition at around 500 K.

II. EXPERIMENTAL PROCEDURE

Single crystals of LaCoO3; were grown using a lamp-image
floating zone furnace by melting polycrystalline samples pre-
pared by a solid-state reaction of predried La,O; and CoO.
The single crystals were confirmed to be of a single phase
by x-ray powder diffraction after being ground. In this paper
we use the crystallographic indices [hk[], based on the pseu-
docubic primitive unit cell containing one chemical formula of
LaCoOs, since the rhombohedral distortion of the crystal from
the cubic symmetry is small and the crystals have a twinned
structure.

The Compton scattering experiments were conducted using
the beamline BLOSW at SPring-8, Japan. The resolution of
the measured Compton profiles is about 0.6 atomic units
(a.u.) in the momentum space. The Compton profiles were
measured at 303 and 573 K in six directions equally spaced
(9°) between the [100], and [110]. axes of the pseudocubic
cell. The measured Compton profile intensity was normalized
by the total electron number of LaCoQOj3. Then the difference
of the Compton profiles between 303 and 573 K was obtained
for each direction. The difference of the two-dimensional
electron momentum density (2D-EMD) of Co 3d projected
in the [001], direction was reconstructed using the difference
Compton profiles [40]. We also measured the Compton pro-
files along [100], direction at several temperatures between
303 and 663 K in order to obtain the detailed temperature
dependence of the Compton profiles.

In order to evaluate the measured Compton profiles and the
reconstructed difference 2D-EMD, we performed a molecular
orbital (MO) calculation taking into account the hybridization
between Co 3d and O 2p. The MO calculation was conducted
by the molecular orbital as a linear combination of atomic
orbitals (LCAO-MO) method in which MO was obtained by
adding atomic orbitals of 2 p and/or 2s states on ligand O ions
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FIG. 1. Difference Compton profiles (J3p3x — Js73x) for six di-
rections between [100]. and [110], in LaCoO5.

to atomic Co e, (3z% — r? and x? — y?) and/or Co tp, (xy, yz,
and zx) states in the same manner as reported in Ref. [47]
assuming a cubic symmetry. The three covalency parameters
f=» fo,and fi are set to be 0.10, 0.20, and 0.04, respectively,
which are close to those for Fe;O4 described in Ref. [47].

III. EXPERIMENTAL RESULTS

Figure 1 shows the difference Compton profiles (J3p3x —
Js73%) in six directions between [100]. and [110]. in LaCoOs5.
The difference Compton profiles between 303 and 573 K with
a significant magnitude for each direction strongly indicate the
symmetry change of the electron momentum density through
the spin crossover at around 500 K. The shape and magnitude
of the difference Compton profiles for each crystalline direc-
tion are similar to those (Jiox — J270k) obtained for the spin
crossover at around 100 K shown in Fig. 1 of Ref. [45]. Thus
these results of the Compton profile measurements indicate
that the symmetry change of Co 3d orbitals similar to that
associated with the 100-K spin crossover also takes place
between 303 and 573 K in LaCoOs.

The difference 2D-EMD was reconstructed from the differ-
ence Compton profiles as shown in Fig. 2. The experimentally
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FIG. 2. (a) The aerial view and (b) contour plot of the difference two-dimensional electron momentum density (2D-EMD) of Co 3d
projected along [001]. reconstructed using the difference Compton profiles shown in Fig. 1, along with those of the calculated molecular

[(c) and (d)] and atomic orbitals [(e) and (f)] [45].

obtained difference 2D-EMD [see Figs. 2(a) and 2(b)] shows
a positive component of the electron density extending to-
ward (110)., whereas a negative component extending to-
ward (100).. These findings can be explained by the electron
transfer from . (xy, yz, and zx) to e, (3z%> —r? and x* —
y?) orbitals with increasing temperature, which has already
been reported for the 100-K spin crossover in LaCoOj5 [45].
Thus the difference 2D-EMD provides direct evidence for the
electron transfer from 1, to e, orbitals associated with the
500-K spin crossover in LaCoOj5 [45].

As shown in the reconstructed difference 2D-EMD [see
Figs. 2(a) and 2(b)], the region with the large magnitude is
localized in the region where p, and p, are less than ~2 a.u.
This characteristic is in agreement with that for the calculated
difference 2D-EMD of MO taking into account the Co(3d)-
O(2p) hybridization [see Figs. 2(c) and 2(d)] and different
from that of the atomic orbitals for localized 3d electrons
[see Figs. 2(e) and 2(f)] [48]. This finding indicates the MO
feature of the electron-orbital state relevant to the 500-K spin-
crossover phenomena in LaCoQO3, which results from covalent
bonding between Co 3d and O 2p orbitals [17,18,28,46].

In order to clarify the temperature dependence of the
symmetry change of Co 3d between 303 and 573 K, we mea-
sured the difference Compton profiles in the [100]. direction
with changing temperature. The difference Compton profiles

between 303 K and the measured temperature (J3p3x — Jr)
are shown in Fig. 3(a). The shape of the difference Comp-
ton profiles is almost unchanged with changing temperature,
although its magnitude increases remarkably with increasing
temperature. These findings imply that the electron transfer
from t,, to e, orbitals maintains at higher temperatures.
The shape of the difference Compton profile suggests also
the enhancement of the molecular orbital formation with
increasing temperature. We have already reported that the
difference Compton profile for the 100-K spin crossover
(J1ok — J270k) shows an oscillation at approximately p, =
24 a.u. [45], which is the characteristic of the molecular
orbitals constructed by hybridization between Co e, and O
2p orbitals [41-43]. Indeed, the oscillation is reproduced
in the difference Compton profiles calculated for the MO,
whereas it does not appear for localized atomic orbitals, as
shown in Fig. 3(b). The oscillatory behavior in the difference
Compton profile becomes prominent for higher temperatures
as shown in Fig. 3. In order to evaluate the hybridization effect
between Co e, and O 2p orbitals with changing temperature,
we plotted the temperature dependence of the ratio of the
oscillation amplitude (Ao) to the total amplitude (A7) of the
difference Compton profiles for each temperature including
the results of the previous study [45] as shown in Fig. 4.
Note that we added the amplitudes Ap and Ay at 270 K
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FIG. 3. (a) Temperature dependence of the difference Compton
profiles (J303x — Jr) for [100]. direction, along with (b) the calcu-
lated difference Compton profiles for molecular orbitals (MO) and
localized atomic orbitals (Atom). The oscillation amplitude (A ) and
the total amplitude (A7) for T = 663 K are also shown.

obtained from the difference Compton profile (Jiox — J270K)
[45] to those above 300 K shown in Fig. 3 to standardize the
reference temperature to 10 K. (The difference between Jy70x
and J303 ¢ 1s small enough to be neglected.) The ratio increases
with increasing temperature, which strongly suggests the de-
velopment of the molecular orbital formation resulting from
the increment of the hybridization between Co e, and O 2p
orbitals.

Figure 5 shows the temperature dependence of the
area intensity of the difference Compton profile Ia,
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FIG. 4. Temperature dependence of the ratio of the oscillation
amplitude to the total amplitude (Ao /A7) of the difference Compton
profiles for [100], direction.
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FIG. 5. Temperature dependence of the area intensity of dif-
ference Compton profile /5, (= folo |Ji0k — Jrldp,) along [100],.
direction. The dotted line is the guide for eyes. The solid line shows
the population of the magnetic Co species calculated according to the
thermal excitation model [35].

(= folo |Ji1oxk — Jrldp;) along [100]. direction, including the
previous results between 10 and 270 K [45]. The area intensity
Ia; between 303 and 663 K shown in Fig. 5 was obtained by
adding the value of /5, at 303 K to folo |J303x — Jrldp,, in
which /A, at 303 K was derived from the extrapolation of the
previous result of 5 ;(T) between 10 and 270 K [45]. 15, (T)
exhibits a significant increase above about 400 K, and shows a
tendency to saturate above 600 K, which implies a presence of
an electronic transition. The temperature dependence of 14 is
similar to that of the total amplitude of the difference Compton
profiles (A7) (not shown). The steplike increment of I, is
different from the monotonous temperature dependence of the
population of HS shown in Fig. 3(a) of Ref. [28]. Temperature
dependence of the total population of the magnetic Co species
(HS and IS) calculated according to the thermal excitation
model [35] is also shown in Fig. 5. The deviation of the
measured I;(T) above about 400 K from the calculated
population is remarkable, in contrast to that of Io;(T) be-
tween 10 and 270 K (see Fig. 5). This finding implies the
cooperative nature of the electron transfer associated with the
spin crossover at around 500 K, in contrast to the 100-K spin
crossover exhibiting the thermal excitation type temperature
dependence.

IV. DISCUSSION
A. The shape of the Compton profiles

The difference Compton profiles and the reconstructed dif-
ference 2D-EMD between 303 and 573 K (see Figs. 1 and 2)
reveal the symmetry change of the Co 3d electron-orbital state
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FIG. 6. Schematic figures showing the development of Co(3d)-O(2p) hybridization and the MO formation at higher temperatures. (a) The
difference of the contribution to the hybridization between the spin states of Co*™ and (b) a percolation of magnetic Co species.

above 500 K. The shape and the magnitude of the difference
Compton profiles and difference 2D-EMD are similar to those
for the 100-K spin crossover [45]. The findings suggest that
the 15,-e, electron transfer responsible for the spin-crossover
phenomena significantly enhances above 500 K.

The oscillatory behavior in the difference Compton profiles
between p, = ~ 2—4 a.u. becomes remarkable for higher tem-
peratures as shown in Fig. 3. The oscillation amplitude shows
a significant increase with increasing temperature (see Fig. 4),
although a steep increment at around 500 K similar to I ;(7")
is not apparent. These findings exhibit a development of the
MO formation resulting from the progress of the hybridization
effect between Co e, and O 2p orbitals through the spin-
crossover phenomena. The development of the MO formation
implies the collectiveness of the spin-crossover phenomena
in LaCoOs, since the nonlocal electron-orbital state plays an
important role on the spin crossover.

As the origin of the development of Co(3d)-O(2p) hy-
bridization and the MO formation at higher temperatures,
two possible scenarios can be considered. The first one is
the difference of the hybridization due to the different spin
states of Co**. The IS state has one electron in e, orbital
which extends to O 2p orbital, whereas the HS state has two
electrons. Thus it seems natural that the MO formation due to
the Co(e,)-O(2p) bonding proceeds more for HS state than
IS state. If one electron transfers at around 100 K and another
one at around 500 K, the more developed MO character after
500-K transition can be expected [see Fig. 6(a)]. This picture
is compatible with LS-IS-HS two-stage spin-state transition

model [16]. The second is a percolation of magnetic Co
species, where HS (or IS) Co are excited in LS Co matrix with
increasing temperature. At comparatively low temperature
where the number of the magnetic Co ions with e, electrons is
small, each cluster connected by the Co(3d)-O(2 p) hybridiza-
tion between adjacent Co®™ and O?~ ions is limited within
a narrow area. With increasing the number of the magnetic
Co at higher temperature, the network of the Co(3d)-O(2p)-
Co(3d) bondings spread over the crystal and consequently
the MO formation develops [see Fig. 6(b)]. The development
of the MO character above 300 K can be interpreted as the
percolation develops at temperatures higher than 300 K based
on the model. Thus this picture seems to be compatible with
LS-HS model. Since both scenarios can explain the results
of the present experiment, we cannot determine whether the
HS or IS is the spin state at higher temperatures. Therefore,
the precise analysis of the MO is indispensable in order to
determine which perspective is more adequate.

B. The area intensity of the Compton profiles

The temperature dependence of the area intensity of the
difference Compton profile Ip; shows a steep increase at
around 500 K, in contrast to the thermal-activation-like incre-
ment below 300 K (see Fig. 5), which suggests the cooperative
character of the 500-K spin crossover as described above. The
development of the Co(3d)-O(2 p) hybridization and the MO
formation throughout the crystal above 500 K might produce
the cooperative character of the 500-K spin crossover; i.e., the
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I-M transition through the development of the MO formation
might produce the cooperative character of the 500-K spin
CTOSSOVeT.

The magnitude of the increment of I,; at around 500 K
is close to that between 0 and 300 K as shown in Fig. 5. The
fact indicates that the magnitude of the electron transfer for
the 500-K spin crossover is comparable with that for 100-K
spin crossover. This inference is supported by the anomalous
thermal lattice expansion of LaCoOs3, in which the magni-
tude of the lattice expansion for the 500-K spin crossover is
almost equivalent to that for the 100-K spin crossover [16].
On the other hand, temperature dependence of the effective
magnetic moment (pef) estimated from the magnetization
measurements shows that the increase of peg around 500 K
is much smaller than that between 0 and 300 K [16]. The
apparent contradiction between the present Compton scatter-
ing experiments and the magnetization measurements sug-
gests that the magnetic moment induced by the 500-K spin
crossover is much smaller than that induced by the 100-K spin
crossover, despite that the magnitude of the electron transfer
between #,, and e, orbitals is comparable between 100- and
500-K spin-crossover phenomena. This finding implies that
the electron-orbital state induced by the 500-K spin crossover
has a different magnitude of the magnetic moment from
that induced by the 100-K spin crossover. If HS Co** with
S =2 is induced owing to the 500-K spin crossover, larger
magnetization is expected to be observed above 500 K. We
infer that the MO formation resulting from the Co(3d)-O(2p)
hybridization is responsible for the smallness of peg. per 1S
expected to be different if the electron-orbital state is largely
different from the ionic Co 3d.

In order to discuss the pes on the 500-K spin crossover,
previous investigations on the magnetization in Sr-doped
LaCoO; would be helpful. Okamoto et al. have investigated
the magnetic moment of Co in La;_,Sr,CoOs using the
magnetic circular x-ray dichroism (MCXD) and magne-

tization measurements [49]. The magnitude of the aver-
aged magnetization for the ferromagnetic metallic phase of
La;_,Sr,CoO5; (x >~ 0.4) is less than 2 ug/Co. This value
seems to be too small for the magnetic moment of HS Co**
with § = 2, even taking into account the coexistence of Co*"
moment in La;_,Sr,CoO3 owing to the Srt doping. In the
report they attributed the smallness of the magnetic moment
to the itineracy of the Co 3d electrons [49]. Their supposition
supports our consideration that the development of the MO
formation above 500 K is associated with the smallness of

the Deft-

V. CONCLUSION

The electron momentum density reconstructed from the
Compton profiles indicates the symmetry change in the 3d
electron-orbital states between below and above 500 K, which
reveals that the electron transfer from 1, to e, orbitals
arises also at around 500 K in LaCoOj3;. The magnitude of
the difference Compton profiles exhibits a steep increase at
around 500 K, implying a cooperative character of the 500-K
spin-crossover phenomenon. The difference Compton profiles
show an increment of the characteristics of hybridization
between Co 3d and O 2p orbitals, which suggests the devel-
opment of the molecular orbital formation.
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