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Abstract: We carried out magnetic Compton scattering experiments on the Sr-doped perovskite
cobaltite La1−xSrxCoO3 for the paramagnetic insulator (x = 0.1) and the ferromagnetic metallic
(x = 0.3) phases in order to investigate the electron-orbital state relevant to its unusual magnetic and
electronic transport properties. The ratio of the orbital moments to the spin moments (Morbital/Mspin)
is less than 1/10 at low temperatures for x = 0.3, whereas Morbital/Mspin is about 0.4 almost indepen-
dent of temperature for x = 0.1. The shape of Jmag(pz) shows no apparent difference between the
paramagnetic insulator and the ferromagnetic metallic phases.

Keywords: Sr-doped LaCoO3; magnetic ground state; spin-state; orbital moment; magnetic Compton
scattering
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1. Introduction

Perovskite cobaltites have been attracting the widespread interest of researchers be-
cause of their exotic physical and chemical properties, which are attributed to the multiple
degrees of freedom on the spin, orbital, and lattice arising from the 3d6 electronic config-
uration of Co3+ [1–4]. One of the examples is the unusual spin-crossover phenomena of
LaCoO3, in which broad magnetic anomalies take place at around 100 and 500 K [5]. The
magnetic anomaly at around 500 K is accompanied by an insulator-to-metal transition
(IMT). These phenomena are considered to be the temperature-induced spin-crossover from
the nonmagnetic low-spin (LS; (t2g ↑)3(t2g ↓)3, S = 0) ground state to magnetic excited states
(↑ and ↓ denote up and down spins, respectively) [6]. Despite the decades of research his-
tory and the extensive efforts of researchers, there is still controversy regarding whether the
magnetic excited state induced around 100 K is intermediate spin (IS; (t2g ↑)3(eg ↑)1(t2g ↓)2,
S = 1) or high spin (HS; (t2g ↑)3(eg ↑)2(t2g ↓)1, S = 2). Neither spin-state model can
comprehensively explain all the important experimental findings [6–11].

It has been reported that the introduction of Co4+ and the positive holes by the
substitution of Sr2+ into La3+ site in LaCoO3 brings about the disappearance of LS ground
state and the appearance of the magnetic ground state [1,12–15]. This fact means that
not only the doped-Co4+ but also the rest of Co3+ ions are converted into the magnetic
state in La1−xSrxCoO3. The previous experiments show that the paramagnetic insulator
phase is realized for 0 < x ≤∼ 0.2, and the cluster-glass-like ferromagnetic metallic phase
appears for ∼ 0.2 < x ≤∼ 0.5 [12–15]. The fact that the hole-doping drastically changes
the magnetic and transport properties of perovskite cobaltite implies that the subtle change
of the environment of Co ions varies the orbital-spin state of Co-3d in perovskite cobaltites.

The magnetic ground state of La1−xSrxCoO3 is considered to be IS state, although the
experimental basis is insufficient. If the IS ground state is realized in Sr-doped LaCoO3,
significant magnitudes of orbital moments are expected to be observed since the IS state
(e1

gt5
2g for Co3+) has a degree of freedom on both eg and t2g orbitals.
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As described above, detailed experimental studies on the electronic structure of Co-3d
are desired to understand the unusual magnetic and electronic transport properties in
perovskite cobaltite. In this paper, we report magnetic Compton scattering experiments
on La1−xSrxCoO3 in order to investigate the orbital-spin state of Co-3d responsible for
the magnetic and electronic transport properties of Sr-doped LaCoO3 for x = 0.1 and 0.3.
The X-ray Compton scattering experiments provide imaging of the electron distribution
in the momentum space through Compton profiles J(pz), which exhibit projection of the
electron momentum density ρ(p) [p ≡ (px, py, pz)] onto the z-axis along the scattering
vector [16], as

J(pz) =
∫∫

ρ(p)dpxdpy. (1)

The magnetic Compton profiles Jmag(pz) show the projection of the spin-dependent electron
momentum density onto the z axis as

Jmag(pz) =
∫∫

(ρ↑(p)− ρ↓(p))dpxdpy, (2)

where ρ↑(p) and ρ↓(p) denote the electron momentum density with the majority and the
minority spins, respectively [16–18]. The magnetic Compton scattering enables evaluating
the spin magnetic moments of the materials from the integral (area intensity) of Jmag(pz),
as can be easily understood from Equation (2). The orbital moments can be obtained by
extracting the spin moments from the total magnetic moments measured by the magnetiza-
tion measurements. If a non-negligible magnitude of the orbital moments are observed
in La1−xSrxCoO3, it strongly supports the IS state as the magnetic ground state. Further-
more, the difference of the electronic-orbital state of Co-3d due to the itineracy and/or
the magnetic ordering of Co-3d electrons might be observed by the magnetic Compton
scattering experiments. La1−xSrxCoO3 changes its magnetic and transport properties with
changing the amount of doped holes [12–15]. If the electronic-orbital state of Co-3d is
significantly different between the paramagnetic insulator (x = 0.1) and the ferromagnetic
metallic (x = 0.3) phases of La1−xSrxCoO3, it is possible to reflect the difference of the Co-3d
electron-orbital state in the shape of Jmag(pz) [16–18].

2. Materials and Methods (Experimental Procedure)

The polycrystalline samples of La1−xSrxCoO3 (x = 0.1 and 0.3) were prepared by
solid-phase reaction of La2O3 (99.99%), SrCO3 (99.9%), and Co3O4 (99.9%). After a mixture
of the starting materials with an appropriate proportion was prefired at 900 ◦C for 24 h in
oxygen gas flow, the mixture was ground, pressed into pellets, fired again at 1300 ◦C in
oxygen gas flow for 48 h, and then subjected to furnace-cooling. X-ray powder diffraction
measurements were performed with Cu-Kα radiation at room temperature. Powder X-ray
profiles clarified the crystals to be of single phase. The measurements of temperature
dependence of magnetization, by using a Quantum Design SQUID magnetometer between
2 to 400 K under the magnetic field 2.5 T, confirmed that the sample with x = 0.1 is param-
agnetic, and that with x = 0.3, it is ferromagnetic with a ferromagnetic Curie temperature
(Tc) of about 220 K. The field dependence of the magnetization below Tc exhibits that the
magnitude of the saturation magnetization is about 1.1 µB/Co for x = 0.3.

The magnetic Compton scattering experiments were conducted using the beam line
BL08W at SPring-8, Japan. Elliptically polarized X-rays were monochromatized to be
182.6 keV and focused to a spot of about 1 × 0.8 mm2 on the samples. The scattered X-rays
with a scattering angle of 174◦ were energy analyzed by a 10-segmented Ge solid state
detector. During the measurements, to reverse the direction of magnetization in the sample,
an external magnetic field of±2.5 T was alternatively applied along the z-axis. The Jmag(pz)
was extracted as the difference in Compton scattering intensities in reversing the direction
of the external field to a fixed photon polarization as

Jmag(pz) = J+(pz)− J−(pz), (3)



Crystals 2021, 11, 577 3 of 7

where J+(pz) and J−(pz) denote the Compton profiles for the magnetic field parallel to
the z-axis and antiparallel to the z-axis, respectively [16]. The spin electron number nmag is
obtained from

nmag =
R

RFe

ntotal

nFe
total

nFe
mag, (4)

R =
A+

spinnmag

Anorntotal
, (5)

RFe =
A+

spinnFe
mag

AnornFe
total

, (6)

where R denotes the magnetic effect with the Compton scattering cross-section A and
the electron number n corresponding to the quantity represented by the subscripts and
superscripts [16]. In order to evaluate the spin moments, the area intensity of measured
Jmag(pz) was normalized using the eqationss described above and the reference Fe sample
with the spin moment 2.08 µB/Fe at room temperature and at 2.5 T [19].

3. Results

Figure 1 shows the Jmag(pz) of La0.7Sr0.3CoO3 measured at T = 10 K and B = 2.5 T.
The calculated Compton profiles (J(pz)) of Co-3d is also shown for comparison, in which
the calculated J(pz) was evaluated by the sum of the J(pz) of the wave functions eg (x2− y2

and 3z2 − r2) and t2g (xy, yz and zx) calculated using Equation (1), assuming that the
contents of Co3+ and Co4+ are 0.7 and 0.3, respectively, and the LS Co4+ (e0

gt5
2g), IS (e1

gt5
2g

for Co3+ and e1
gt4

2g for Co4+) and HS (e2
gt4

2g for Co3+ and e2
gt3

2g for Co4+) exist without
weight. The calculated J(pz) satisfactorily reproduces the measured Jmag(pz) for pz > ∼1.3,
suggesting that the Co-3d orbitals are responsible for the spin magnetic moments. The
deviation for pz < ∼1.3 might be due to the polarization of inner-shell electrons and/or
the hybridization between Co-3d and O-2p orbitals [20,21]. The magnitude of the Jmag(pz)
decreases with increasing temperature, maintaining its shape. These characteristics of the
Jmag(pz) are basically the same as those of La0.9Sr0.1CoO3.
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Figure 1. The magnetic Compton scattering profile (Jmag(pz)) of La0.7Sr0.3CoO3 measured at T = 10 K
and B = 2.5 T, along with the calculated Compton profiles (J(pz)) of Co-3d.
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The magnitude of the spin moments (Mspin) were evaluated by the area intensity of
Jmag(pz). The orbital moments (Morbital) were obtained by extracting the Mspin from the
total magnetic moment (Mtotal) measured by the magnetization measurements. The temper-
ature dependence of Mtotal, Mspin, and Morbital(= Mtotal −Mspin) is shown in Figure 2a,c
for La1−xSrxCoO3 with x = 0.3 and 0.1, respectively. The temperature dependence of
Mspin mimics that of Mtotal, and the magnitude of Mspin accounts for the majority of the
magnitude of Mtotal for all the temperature region for both x = 0.3 and 0.1, exhibiting that
the spin components are dominant in the magnetization in La1−xSrxCoO3. This finding
is reasonably understood as the magnetism of 3d-electrons under the cubic-symmetrical
crystalline-electric-field, in which the orbital angular momentum almost vanishes, al-
though the non-negligible magnitude of the orbital components are observed for all the
temperature region for both x = 0.3 and 0.1.

In order to evaluate the contribution of the orbital components to the magnetization,
the ratio of Morbital to Mspin (Morbital/Mspin) is shown in Figure 2b,d for x = 0.3 and 0.1,
respectively. For x = 0.3, Morbital/Mspin is significantly small (Morbital/Mspin = ∼1/10) at
lower temperatures below Tc, and increases with increasing temperature above ∼150 K,
reflecting the abrupt decrease of Mspin with increasing temperature at around the Tc.
For x = 0.1, Morbital/Mspin is about 0.4 in the entire temperature region, and no pronounced
temperature dependence was observed, although the experimental errors are large due to
the smallness of both Mspin and Morbital.
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Figure 2. (a) Temperature dependence of the total magnetization (Mtotal) measured by the magnetization measurements, spin
moments (Mspin) obtained from Jmag(pz), and orbital moments (Morbital) extracted by Mtotal − Mspin, and (b) temperature
dependence of the ratio of Morbital to Mspin (Morbital/Mspin) for La0.7Sr0.3CoO3. (c) Temperature dependence of Mtotal,
Mspin, and Morbital and (d) Morbital/Mspin for La0.9Sr0.1CoO3.
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In order to examine whether the temperature change of the electron-orbital state
appears in Jmag(pz), we compared the shape of Jmag(pz) measured at different temperatures
for each sample, as shown in Figure 3. Each Jmag(pz) was normalized to have the same area
intensity so that the shapes of Jmag(pz) can be compared. The shape of Jmag(pz) is almost
the same for all the temperatures measured for both samples, although the scatter of data
points is fairly large at higher temperatures. This finding suggests that Sr-doped LaCoO3
has no distinct change in the electron-orbital states due to temperature change. From the
comparison of the shape of Jmag(pz) between the Figure 3a,b, the electron-orbital states
responsible for the spin moments are basically the same between the paramagnetic insulator
phase (x = 0.1) and the ferromagnetic metallic phase (x = 0.3) within the experimental
accuracy.
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Figure 3. The Jmag(pz) of (a) La0.7Sr0.3CoO3 measured at temperatures from 10 to 260 K, and (b)
La0.9Sr0.1CoO3 measured at temperatures from 10 to 100 K. The Jmag(pz) was normalized to have the
same area intensity. The error bars were omitted for better clarity.

4. Discussion

The ratio Morbital/Mspin is ∼1/10 at lower temperatures below Tc for x = 0.3, whereas
Morbital/Mspin is∼0.4 almost independent of temperature for x = 0.1 as shown in Figure 2b,d,
respectively. The difference in Morbital/Mspin implies that the itineracy and/or magnetic
ordering is pertinent to the magnitude of the remaining orbital angular momentum. The
presence of orbital moments of significant magnitude for x = 0.1 indicate that the compara-
tively large orbital component remains for the paramagnetic insulator phase. Both the eg
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and t2g orbitals have a degree of freedom for both IS Co3+ and Co4+. The calculated ratio
Morbital/Mspin is ∼0.33 for IS Co3+, ∼0.5 for IS Co4+, ∼0.2 for HS Co3+ and ∼0.02 for HS
Co4+ [22]. Thus, the experimental values (Morbital/Mspin ∼0.4) can be roughly explained if
we consider a mixture of IS Co3+ and IS Co4+. The effective magnetic moment has been
reported as pe f f = 2.9 µB/Co in La0.9Sr0.1CoO3, which is close to the values expected for IS
Co3+ [14]. Thus, the orbital moments in the present magnetic Compton scattering experi-
ments along with the magnitude of pe f f suggest the IS ground state in the paramagnetic
insulator phase of Sr-doped LaCoO3.

On the other hand, Morbital/Mspin for x = 0.3 is considerably small, suggesting that the
spin component is dominant in the magnetization and the orbital component is significantly
small for the ferromagnetic metallic phase. The magnitude of the saturation magnetization
about 1.1 µB/Co is much smaller than that expected from both IS and HS states of Co3+ ions,
even taking into account the coexistence of Co4+. These characteristics in the magnetism
seem to be qualitatively different from those for the paramagnetic insulator phase (x = 0.1).
Okamoto et al. investigated the magnetic moment of Co in La1−xSrxCoO3 using the
magnetic circular X-ray dichroism (MCXD) and magnetization measurements, and they
also reported the smallness of the magnetization in the ferromagnetic metallic phase [22].
In their report, they attributed the smallness of the magnetic moment to the itineracy
of the Co-3d electrons. However, their MCXD measurements exhibit that Morbital/Mspin
is almost independent of the Sr content, suggesting that the contribution of the orbital
moments to the magnetization is almost the same between the paramagnetic insulator
and the ferromagnetic metallic phases, in contrast to the results of the magnetic Compton
scattering experiments [22]. There might be a limitation in applying the spin sum rule,
which was used to extract the spin moment of this substance in the MCXD measurement.

As shown in Figure 3a,b, the difference in the shape of Jmag(pz) with changing tem-
perature and/or Sr content was not observed. This finding is noteworthy because it
means that there is no remarkable difference in the electron-orbital state responsible for
the spin magnetic moments despite the significant difference in magnitude of the orbital
components between the paramagnetic insulator and the ferromagnetic metallic phases.
The difference in the electron-orbital states between the paramagnetic localized electrons
and the ferromagnetic itinerant electrons may be reflected only as a subtle difference in the
shape of Jmag(pz). High-resolution magnetic Compton experiments are indispensable for
evaluating the difference in electron-orbital states of Co-3d in La1−xSrxCoO3 by using the
shape of Jmag(pz).

5. Conclusions

We carried out magnetic Compton scattering experiments on the perovskite cobaltite
La1−xSrxCoO3 of the paramagnetic insulator (x = 0.1) and the ferromagnetic metallic
(x = 0.3) phases in order to investigate the electron-orbital state responsible for the unusual
magnetic and electronic transport properties. The measured Jmag(pz) is almost reproduced
by that of the ionic Co-3d orbitals under the cubic-symmetrical crystalline-electric-field
(eg and t2g) for both x = 0.1 and 0.3. The non-negligible magnitude of the orbital mo-
ments were observed for both x = 0.1 and 0.3. The orbital component is significantly
small for x = 0.3 (Morbital/Mspin ∼1/10), whereas a comparatively large orbital moment
(Morbital/Mspin ∼0.4) independent of temperature is observed. This finding implies the
difference between the IS state of local Co-3d for the paramagnetic insulator and the itin-
erant electrons for the ferromagnetic metallic phases, although no remarkable difference
between x = 0.1 and 0.3 was observed in the shape of Jmag(pz) within the experimental
accuracy of the present magnetic Compton scattering measurements.
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