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Structural, magnetic, and Co K-edge X-ray absorption near-edge structure (XANES)
spectroscopic studies for the stoichiometric La1−x Eux CoO3 (0 ≤ x ≤ 1) system with trivalent Co3+ are reported. The thermally-excited spin-state transition from low-spin (LS) to
intermediate-spin (IS) state increases from Ts ∼ 105 K for LaCoO3 (x = 0) to ∼140 K for x
= 0.25, to ∼200 K for x = 0.5, and extrapolates to ∼295 K for EuCoO 3 (x = 1), where the
IS state is a mixture of d6 (t52g e1g ) and d7 L (t52g e2g with a ligand hole) with filled t2g majority
spin states. The small pre-edge feature observed in room temperature XANES for the system in the IS state is from the 1s-3d quadrupole transition, which is weakly allowed through
the hybridization of Co 4p states with 3d states of the neighboring Co atoms. For LaCoO 3 ,
the pre-edge can be fitted using three Gaussian peaks with energy separations ∆E(P 2 − P1 )
= 2.0 eV and ∆E(P3 − P2 ) = 1.5 eV, where P1 , P2 , and P3 presumably correspond to the
unfilled t2g minority, eg majority, and eg minority spin states, respectively.
PACS numbers: 71.27.+a, 75.20.Hr, 78.70.Dm

I. INTRODUCTION

Rhombohedral LaCoO3 perovskite (space group R3c) with trivalent Co 3+ (3d6 ) is
unique, in that it is a nonmagnetic Mott insulator at low temperature but undergoes a
gradual spin-state transition to a paramagnetic state near 90–100 K and then a metalinsulator transition above 500 K [1-17]. It remains highly controversial whether the spinstate transition is from a low-spin state (LS: t 62g , S = 0) to an intermediate-spin state (IS:
t52g e1g , S = 1) or to a high-spin state (HS: t42g e2g , S = 2) [1-4].
Since the Co t2g orbitals form a narrow band which can be easily localized, while e g
orbitals with strong hybridization with a neighboring oxygen 2p state form a broad band, the
local-density approximation with on-site Coulomb repulsion (LDA+U ) calculation shows
that the IS state is energetically comparable to the LS state, but much more stable than
the HS state, due to the larger Co-O 3d-2p hybridization as well as the orbital order effect
[5]. The X-ray photoemission (XPS) and X-ray absorption (XAS) studies, using a cluster
model calculation for the LS, IS, HS states, and mixtures, indicate that the ground state
is a CoIII LS state with heavily mixed d6 (t62g ) and d7 L (t62g e1g with a ligand hole) character
http://PSROC.phys.ntu.edu.tw/cjp
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due to d-p hybridization, and the thermal-induced spin-state transition is a gradual LSIS transition [7]. The infrared studies indicate a local lattice distortion during the LS-IS
transition arising from the dynamical Jahn-Teller effect [8].
For the stable orthorhombic RCoO3 (R = Pr, Nd, Sm, Eu, Gd, Tb, Dy) cobaltates
with crystal structure very close to rhombohedral LaCoO 3 [1, 2, 13-15, 18-20], a cobalt spinstate transition is expected to occur for all RCoO 3 compounds. However, 59 Co NMR studies
show no spin-state transition for RCoO 3 (R = Pr, Nd, Sm, Eu) [13, 14]. On the contrary,
infrared studies show a 220-K spin-state transition for PrCoO 3 and a 275-K transition for
NdCoO3 [15]. In order to avoid the complication in identifying the spin-state transition
caused by the presence of the magnetic rare earth R 3+ moments, a more suitable series of
La1−x Eux CoO3 (0≤ x ≤1) with nonmagnetic Eu3+ ground state (total angular momentum
J = 0) is selected for a systematic study in this work.

II. EXPERIMENTS

The samples with nominal composition La 1−x Eux CoO3+δ (x = 0, 0.25, 0.5, 0.75, 1;
δ ∼ 0) were synthesized by standard solid-state reaction. High-purity La 2 O3 (99.99 %),
Eu2 O3 (99.99 %) and Co3 O4 (99.99 %) powders were thoroughly mixed and calcined at
900◦ C in air for 2 days with several intermediate regrindings. The calcined powders were
then pressed into pellets and sintered at 1000 ◦ C in air for 1 day. In order to avoid chemical
reaction with the alumina crucible, several pellets were stacked together, with the bottom
one left out for actual measurements later. Clean sintered pellets were then annealed in air,
flowing O2 , or Ar gas at 950◦ C to check the sample homogeneity, vacancy, impurity, and
oxygen content. The O2 -annealed samples show signs of cation vacancy, with smaller unit
cell volume, and the Ar-annealed samples show signs of anion vacancy, also with smaller
unit cell volume, so the air-annealed samples were chosen for measurements. The oxygen
content parameter δ ∼ 0 for air-annealed samples were crosschecked by comparing the
X-ray diffraction, magnetic susceptibility, and Co K-edge XANES data.
The powder X-ray Rietveld analysis data were collected with a Rigaku Rotaflex 18kW rotating anode diffractometer using graphite monochromatized Cu-K α radiation with
a scanning step of 0.02◦ (5 second counting time per step) in the 2θ range of 10-100 ◦ . A
RIQAS refinement program was used with an inorganic crystal structure database (ICSD)
and diffraction database (ICDD) [21].
The dc magnetic susceptibility and magnetization measurements were carried out
with a Quantum Design 7-T MPMS or a 1-T µ-metal shielded MPMS 2 superconducting
quantum interference device (SQUID) magnetometer from 2 K to 300 K.
The X-ray absorption near-edge structure (XANES) measurements were performed
at the Synchrotron Radiation Research Center (SRRC) in Taiwan. The Co K-edge XANES
transmission mode data were collected at room temperature using the BL17C wiggler beamline with an X-ray photon energy range of 4-15 keV and energy resolution E/∆E = 7000.
The photon energy was calibrated using a Co metal foil.
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TABLE I: Hexagonal-axis (R3c, Z = 6) lattice parameters a, c, and formula unit volume V f.u. = Vh /6
for rhombohedral LaCoO3 and orthorhombic (Pbnm, Z = 4) lattice parameters a, b, c, and formula
unit volume Vf.u. = V0 /4 for La1−x Eux CoO3+δ (0 ≤ x ≤ 1; δ ∼ 0), spin-state transition temperature
Ts , and room temperature molar magnetic susceptibility χm (300K).
Compound
LaCoO3
La0.75 Eu0.25 CoO3
La0.5 Eu0.5 CoO3
La0.25 Eu0.75 CoO3
EuCoO3
∗

a(Å)

b(Å)

5.4398(5)
5.4246(5)
5.3663(5)
5.3134(5)
5.2600(5)

—
5.3580(5)
5.3596(5)
5.3650(5)
5.3698(5)

c(Å)
13.0871(9)
7.5986(7)
7.5712(7)
7.5263(7)
7.4813(7)

χm (2K)1
(cm3 /mol)
105 2.9×10−3
140 3.8×10 −3
200 5.0×10 −3
245∗ 6.6×10−3
295∗ 8.4×10−3

Z

Vf.u (Å3 ) Ts (K)

6
4
4
4
4

55.91(2)
55.21(2)
54.44(2)
53.64(2)
52.83(2)

χm (300K)1
(cm3 /mol)
3.1×10−3
3.4×10−3
4.0×10−3
4.3×10−3
5.8×10−3

Linear fit extrapolation; 1 Applied field Ba = 3 T.

FIG. 1: Variation of formula unit volume Vf.u. with average rare earth ionic radius r(R3+ ) for the
stoichiometric La1−x Eux CoO3 (x = 0, 0.25, 0.5, 0.75, 1: solid circles) system and RCoO3+δ (R =
La, Pr, Nd, Sm, Eu, Gd, Tb or Dy; δ ≥ 0: open circles) system.
III. RESULTS AND DISCUSSION

The rhombohedral phase is stable only in LaCoO 3 with hexagonal-axis lattice parameters a = 5.4398 Å and c =13.0871 Å (formula unit Z = 6), due to a large La 3 + ionic
radius of 1.061 Å, and can be easily transformed into the orthorhombic phase (space group
Pbnm with formula unit Z = 4) with smaller Eu 3+ (ionic radius 0.95 Å) substitution. The
hexagonal lattice parameters a, c, and formula unit volume V f.u. = Vh /6 for rhombohedral LaCoO3 , as well as the orthorhombic lattice parameters a, b, c, and V f.u. = V0 /4 for
La1−x Eux CoO3 (x = 0.25, 0.5, 0.75, 1), are listed in Table I. The variation of V f.u. with av-
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FIG. 2: Temperature dependence of the molar magnetic susceptibility χm (T ) in the 1-T, 3-T, and
5-T zero-field-cooled (ZFC) and 3-T field-cooled (FC) mode for rhombohedral LaCoO 3 .

erage rare earth ionic radius r(R3+ ) for La1−x Eux CoO3 , along with the reported RCoO3+δ
(R = La, Pr, Nd, Sm, Eu, Gd, Tb, Dy) data are shown in Fig. 1 [4, 11, 12, 18-20]. The
structural studies have shown that there is no oxygen interstitial site for RCoO 3+δ . With
fully occupied oxygen sublattice and R/Co cation vacancies, the correct crystallographic
composition is Rz Coz O3 with z = 3/(3+δ), and a maximum formula unit volume is achieved
at the stoichiometric composition RCoO 3 . From Fig. 1, it is clear that La1−x Eux CoO3+δ
with large formula unit volumes are very close to the stoichiometric δ ∼ 0 composition
with trivalent Co3+ . The Vf.u. in La1−x Eux CoO3 decreases monotonically with decreasing
average rare earth radius r. This indicates a stronger octahedral CoO 6 crystal field splitting
energy ∆cf with progressive Eu substitution.
The temperature dependence of the molar magnetic susceptibility χ m (T ) in applied fields of 1-T, 3-T, and 5-T for the rhombohedral LaCoO 3 and the orthorhombic
La0.75 Eu0.25 CoO3 are shown in Fig. 2 and Fig. 3, respectively. For LaCoO 3 , as in the previous reported data, χm decreases abruptly around 105 K, and is accompanied by a weak
Curie-Weiss contribution below 30 K [7, 8]. The gradual LS-IS transition temperature
Ts ∼105 K, defined as the local magnetic susceptibility maximum, is fairly field independent. At 3 T, the field-cooled (FC) and zero-field-cooled (ZFC) curves are almost identical,
with a low χm (2 K) of 2.9×10−3 cm3 /mol, which is close to the reported single crystal value
[8]. The low temperature magnetic susceptibility is field-dependent and χ m (2 K) decreases
to 1.8×10−3 cm3 /mol at 5 T. The magnetization measurement at 5 K yields a weak ferromagnetic hysteresis loop with a small saturation magnetic moment m s of 1.6×10−2 µB /Co
at 5 T. This weak ferromagnetic contribution is most likely attributed to magnetic impurities. However, since the LS state is a Co(III) state with heavily mixed d 6 (t62g ) and d7 L
(t62g e1g with a ligand hole), the ground state is not completely nonmagnetic with S = 0. On

666

OCCURRENCE AND VARIATION OF . . .

VOL. 41

FIG. 3: Temperature dependence of the molar magnetic susceptibility χm (T ) in the 1-T, 3-T, and
5-T ZFC modes for orthorhombic La0.75 Eu0.25 CoO3 .

the contrary, the room temperature magnetic susceptibility in the paramagnetic IS state
with heavily mixed d6 (t52g e1g ) and d7 L (t52g e2g with a ligand hole) is fairly field independent
with χm (300 K) ∼ 3×10−3 cm3 /mol.
For Eu-doped La0.75 Eu0.25 CoO3 , a higher LS-IS transition of Ts ∼ 140 K is detected
with a smaller formula unit volume V f.u of 55.21 Å3 for x = 0.25, as compared with 55.91
Å3 for x = 0. Since the LS ground state and LS-IS transition for the cobaltates originate
from the competition between the crystal-field energy ∆ cf and the intra-atomic Hund’s
rule exchange energy ∆ex , the higher Ts is apparently due to a stronger t2g -eg splitting in
the CoO6 octahedral crystal field, with larger crystal-field splitting energy ∆ cf at x = 0.25
with smaller formula unit volume.
The molar magnetic susceptibility χ m (T ) data at 3 T for the La1−x Eux CoO3 (x =
0, 0.25, 0.5, 0.75, 1) system are shown in Fig. 4. The spin-state transition temperature T s
increases from 105 K for x = 0, to 140 K for x = 0.25, and 200 K for x = 0.5. For x =
0.75 and 1, the intrinsic signal is masked by the magnetic signal of Eu 3+ excited state (J =
1). The increase of the room temperature magnetic susceptibility, from 3.1×10 −3 cm3 /mol
for x = 0 to 5.8×10−3 cm3 /mol for x = 1, is attributed to the Eu magnetic signal. The
increase of the low temperature χm (2 K) from 2.9×10−3 cm3 /mol for x = 0 to 8.4×10−3
cm3 /mol for x = 1, is also due to the same cause.
The variation of Ts with formula unit volume Vf.u. is shown in Fig. 5. A simple linear
fit to smaller volume leads to an extrapolated value T s ∼ 245 K, for x = 0.75 with Vf.u. =
53.84 Å3 , and ∼295 K, for EuCoO3 with Vf.u. = 52.83 Å3 . Generalizing the same argument
to other magnetic rare earth cobaltates RCoO 3 (R = Pr, Nd, Sm, Gd, Tb, Dy) with smaller
formula unit volume (Fig. 1), all compounds should undergo a spin-state transition in the
magnetic measurement, if not screened by the strong rare earth R 3+ magnetic signal. On
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FIG. 4: Temperature dependence of the molar magnetic susceptibility χm (T ) in the 3-T ZFC mode
for La1−x Eux CoO3 (x = 0, 0.25, 0.5, 0.75, 1).

FIG. 5: Variation of the spin-state transition temperature Ts with formula unit volume Vf.u. for
La1−x Eux CoO3 (x = 0, 0.25, 0.5, 0.75, 1).

the other end, the extrapolated Ts = 0 K for larger formula unit cell Vf.u. > 57.7 Å3 with
much weaker crystal-field energy ∆cf can explain the appearance of an antiferromagnetic
ground state for the isostructural La 1−x Eux MnO3 system with Vf.u > 58.3 Å3 [22].
The normalized Co K-edge XANES structure at room temperature for
La1−x Eux CoO3 (x = 0, 0.25, 0.5, 1) in the intermediate state is shown in Fig. 6. The
energy is calibrated by using a Co metal foil with threshold energy of E 0 = 7709 eV at
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FIG. 6: Co K-edge XANES for La1−x Eux CoO3 (x = 0, 0.25, 0.5, 1). The threshold edge energy of
two standards (CoO, Co2 O3 ) and Co metal foil are also indicated.

the inflection point of the edge. The E 0 for the two standards CoO (Co2+ ) and Co2 O3
(Co3+ ) indicates a substantial shift of the edge energy with increasing Co formal valence.
The almost identical threshold edge energy E 0 ∼ 7720 eV for the La1−x Eux CoO3 system
indicates that all samples are very close to the stoichiometric composition with trivalent
Co3+ .
The K-edge XANES main edge absorption is attributed to the 1s-4p dipole transition
to the Co 4p states. Since the crystal structure of the La 1−x Eux CoO3 system is similar to
that of the LaMnO3+δ system (orthorhombic for δ ≤ 0.025 and rhombohedral for δ > 0.025)
system, the shape of the edge is similar to the K-edge XANES of LaMnO 3+δ [23, 24]. The
main edge features, labeled as A, B, C, and D, can thus be reasonably explained by the Co
4p partial density of states, their broadening reflects the finite lifetime of the 1s core hole
[23]. Feature A is attributed to the hybridization between the Mn 4p states with the rare
earth La/Eu orbitals, feature B is the Mn 4p states split by the crystal field and feature
C and D are the MnO6 octahedron surrounded by eight La/Eu atoms. The Co 4p states,
like the Mn 4p states, are highly delocalized and extend over several Co atoms [23]. The
small pre-edge feature P observed corresponds to the 1s-3d quadrupole transition, which is
weakly allowed through the hybridization of Co 4p states with 3d states of neighboring Co
atoms [23, 24].
Fig. 7 shows the low intensity pre-edge P feature for La 1−x Eux CoO3 in the IS state.
The pre-edge can be fitted with three Gaussian peaks P 1 , P2 , and P3 , after having the
smooth background subtracted. For LaCoO 3 (inset), the energy separations are ∆E(P 2 −
P1 ) = 2.0 eV and ∆E(P3 −P2 ) = 1.5 eV. For comparison, energy separations ∆E(P 2 −P1 ) =
2.0 eV and ∆E(P3 −P2 ) = 1.3 eV are derived for EuCoO3 . The thermally excited IS state is
in the mixture of d6 (t52g e1g ) and d7 L (t52g e2g with a ligand hole) due to a strong hybridization
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FIG. 7: Low intensity pre-edge region of Co K-edge XANES for La1−x Eux CoO3 (x = 0, 0.25, 0.5,
1). The pre-edge P can be fitted with three peaks P1 , P2 , and P3 (inset for LaCoO3 ).

of the eg electrons with oxygen 2p orbials. The electronic configuration is t 52g σ ∗ with narrow
t2g bands and a broader σ ∗ band [5]. The LDA+U calculation for LaCoO 3 in the IS state
implies that the allowed 1s-3d dipole transition goes into the unfilled t 2g and eg states
[5]. With larger ∆E(P2 − P1 ) and smaller ∆E(P3 − P2 ), the three peaks P1 , P2 , and P3
presumably correspond to the unfilled t 2g minority, eg majority, and eg minority spin states,
respectively.

IV. CONCLUSION

The spin-state transition temperature T s from low-spin (LS) to intermediate-spin (IS)
increases from ∼105 K for x = 0 (LaCoO 3 ), to ∼140 K for x = 0.25, ∼200 K for x = 0.5
and is extrapolated to ∼295 K for x = 1 (EuCoO 3 ). The small pre-edge feature observed in
room temperature XANES is from the 1s-3d quadrupole transition, which is weakly allowed
through the hybridization of Co 4p states with the 3d states of neighboring Co atoms. For
LaCoO3 in the IS state, the pre-edge can be fitted using three peaks with energy separation
∆E(P2 − P1 ) = 2.0 eV and ∆E(P3 − P2 ) = 1.5 eV, where the three peaks P1 , P2 , and P3
presumably correspond to the unfilled t 2g minority, eg majority, and eg minority spin sates,
respectively.
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