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Cobalt spin states and hyperfine interactions in LaCoO3 investigated by LDA+ U calculations
Han Hsu,1 Peter Blaha,2 Renata M. Wentzcovitch,1 and C. Leighton1
1Department

of Chemical Engineering and Materials Science, University of Minnesota, Minneapolis, Minnesota 55455, USA
2
Institute of Materials Chemistry, Vienna University of Technology, Getreidemarkt 9/165-TC, A-1060 Vienna, Austria
共Received 23 August 2010; published 9 September 2010兲
With a series of local-density approximation plus Hubbard U calculations, we have demonstrated that for
lanthanum cobaltite 共LaCoO3兲, the electric field gradient at the cobalt nucleus can be used as a fingerprint to
identify the spin state of the cobalt ion. Therefore, in principle, the spin state of the cobalt ion can be
unambiguously determined from nuclear magnetic resonance spectra. Our calculations also suggest that a
crossover from the low-spin to intermediate-spin state in the temperature range of 0–90 K is unlikely, based on
the half-metallic band structure associated with isolated IS Co ions, which is incompatible with the measured
conductivity.
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The thermally induced spin-state crossover in lanthanum
cobaltite 共LaCoO3兲 has been a source of much controversy
for decades.1,2 At low temperature, LaCoO3 is a diamagnetic
insulator. All Co ions are in the low-spin 共LS兲 state, with
total spin S = 0. As the temperature 共T兲 is raised to ⬃90 K, it
becomes paramagnetic with susceptibility 共T兲 ⬀ T−1. As the
temperature further increases to ⬃500 K, 共T兲 shows a second anomaly, accompanied by an insulator-metal transition.
At finite temperatures, Co ions could be in intermediate-spin
共IS兲 or high-spin 共HS兲 states, with S = 1 or 2, respectively.
The detailed mechanism of the spin-state crossover in the
interval 0 ⬍ T ⬍ 90 K remains highly controversial. It was
first proposed to be an LS-HS crossover,3 but this was later
questioned by a density-functional theory 共DFT兲 calculation
adopting the local-density approximation plus Hubbard U
共LDA+ U兲 method, in which an LS-IS crossover was
implicated.4 Plenty of experimental results have subsequently been interpreted as supporting the LS-IS
crossover,5–9 although evidence for the LS-HS crossover has
also been presented.10–12 Such discrepancies also exist
among theoretical works, including DFT calculations on
bulks13–16 and atomic multiplet calculations on clusters.17
Clearly, some significant part of this confusion arises from
the difficulty in reliably extracting the spin state from experimental data. For example, interpretations of x-ray emission
spectroscopy 共XES兲 共Ref. 7兲 or x-ray absorption spectroscopy 共XAS兲 共Ref. 11兲 spectra rely on atomic multiplet calculations or the XES/XAS spectra of other well-known materials. Such XES 共K␤⬘兲 and XAS 共L edge兲 spectra are
difficult to compute with DFT for bulk materials. One wellknown example is 共Mg, Fe兲SiO3 perovskite, the most abundant mineral in the earth’s lower mantle. The mechanism of
its pressure-induced spin-state crossover is also highly debated. Similar XES 共K␤⬘兲 spectra have been interpreted in
terms of both HS-LS 共Ref. 18兲 and HS-IS 共Ref. 19兲 crossovers. In the LaCoO3 case, the XES 共K␤⬘兲 was interpreted as
LS-IS 共Ref. 7兲 while the XAS 共Co L2,3 edge兲 was interpreted
as LS-HS.11 Experiments with inelastic neutron scattering
were also interpreted differently, even though their main results are similar.6,12
Another way to probe the spin state of transition-metal
ions, which has received relatively little attention, is through
their nuclear hyperfine interaction 共electric quadrupole interaction兲. The hyperfine interaction, a perturbation in general,
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splits the degenerate energy level of a nucleus with spin I
into sublevels with shifted energies EQ共m兲. To the first-order
approximation,
EQ共m兲 ⬇ eQVzz/4I共2I − 1兲 ⫻ 关3m2 − I共I + 1兲兴,

共1兲

where Q is the nuclear quadrupole moment, Vzz
⬅ 2V / z2 兩r=0 is the electric field gradient 共EFG兲, V is the
electric potential resulting from the surrounding electrons,
and m = −I , −I + 1 , . . . , I − 1 , I.20 The energy difference between these sublevels is called the quadrupole splitting 共QS兲,
which can be measured with techniques such as Mössbauer
spectroscopy, or nuclear magnetic resonance 共NMR兲 spectroscopy, via measurements of electric quadrupole frequency
Q ⬅ 3eQ兩Vzz兩 / 2I共2I − 1兲h. Since Q and I are intrinsic properties of the nucleus, any dependence of the QS on the spin
state of the transition-metal ion comes from the dependence
of the EFG on the orbital occupancy associated with each
spin state. In general, QSs associated with different spin
states are very distinguishable in Mössbauer spectroscopy,
although the exact spin state cannot be determined solely
based on the measured QS. By combining the EFG computed with DFT and the known Q and I, a theoretical QS can
be obtained using Eq. 共1兲. The spin state of the transitionmetal ion can thus be identified by comparing the measured
and computed QSs. This approach, as shown in Ref. 21, has
successfully clarified the discrepancy among the interpretations of several Mössbauer spectroscopy measurements with
essentially the same results in the 共Mg, Fe兲SiO3 system.22–24
A similar approach can be applied to LaCoO3. In contrast
to 共Mg, Fe兲SiO3 perovskite where Fe-Fe interaction is negligible due to the low iron concentration 共⬃10%兲, the interaction among Co ions in LaCoO3 and its possible effect on the
EFG should be investigated explicitly. We have done this by
stabilizing magnetic Co ions 共either IS or HS兲 under different
conditions. These conditions correspond to different possible
stages of the spin-state crossover, as shown in Fig. 1: 共a兲
before crossover, all Co ions are LS; 共b兲 early stage, single
isolated magnetic Co ions are surrounded by LS ions; and
late stage, all Co ions have the same S 共⫽0兲, with ferromagnetic 共FM兲 order 共c兲, or G-type antiferromagnetic 共AFM兲 order 共d兲. To stabilize the states in Fig. 1, the inclusion of
Hubbard U is necessary. We used LDA+ U because it gives
more accurate structural parameters.25 We adopted the ex-
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FIG. 1. 共Color online兲 Possible stages of the thermally induced
spin-state crossover, where larger spheres represents Co atoms,
smaller spheres represent O atoms, and arrows show the spin moment. 共a兲 Before crossover, all Co ions are LS; 共b兲 early stage, low
concentration 共12.5%兲 of isolated magnetic Co ions; and late stage,
all Co have the same S 共⫽0兲, with 共c兲 FM order or 共d兲 G-type AFM
order.

perimental lattice constants measured at T = 5 K 共Ref. 26兲
and relaxed the internal atomic structure. The structural relaxation was performed using the QUANTUM-ESPRESSO
codes,27 in which the pseudopotential method28 is implemented. These states were also confirmed by all-electron calculations implemented in the WIEN2K code,29 followed by
EFG calculations. The early stage 关Fig. 1共b兲兴 was simulated
by adopting supercells 共with 40 or up to 320 atoms兲 containing one isolated magnetic Co. The remaining states in Fig. 1
can be treated with a ten-atom primitive cell. States with
other magnetic ion concentrations or configurations can be
stabilized as well, but that will not affect the Co nuclear
EFG, as will be discussed later. We used a 3 ⫻ 3 ⫻ 3, 6 ⫻ 6
⫻ 6, and 10⫻ 10⫻ 10 k-point mesh for the 320-, 40-, and
10-atom cells, respectively. The atomic relaxation is terminated when the interatomic forces are smaller than 2
⫻ 10−4 Ry/ bohr.
The EFGs of LS, IS, and HS Co in these different configurations are shown in Table I. We chose U = 5 and 8 eV,
our estimates for the lower and upper limit for Co, based on
our calculation for LS Co,25 and the decreasing Hubbard U
with increasing spin moment.21 Remarkably, in each spin
state and configuration, the EFG barely depends on the
choice of Hubbard U. Because of the EFG’s robustness with
respect to the variation in U, calculating U from the first
principles25,30–32 is not necessary for EFG calculations. Also,
the EFG depends mainly on the spin state, irrespective of the
concentration and configuration of magnetic ions. Therefore,

stabilizing states other than the ones in Fig. 1 is also
unnecessary. The EFGs 共in 1021 V / m2兲 of Co in different
共LS兲
共IS兲
= −0.88⫾ 0.06, Vzz
= 12.8⫾ 1.1, and
spin states are Vzz
共HS兲
Vzz = −20.3⫾ 2.0. The corresponding QSs should thus
be very distinguishable in NMR spectroscopy. With Q
= 0.42 b 共1 b ⬅ 10−28 m2兲 and I = 7 / 2 for the 59Co nucleus,
共LS兲
共IS兲
共HS兲
= 0.63⫾ 0.04, Q
= 9.3⫾ 0.8, and Q
we have Q
共LS兲
= 14.7⫾ 1.8 MHz. The computed Q is in good agreement
with the experimental value 0.59⫾ 0.01 MHz measured in
the temperature range of 4.2–25 K,33–35 where LS Co dominates. This series of calculations indicates that, in principle,
the spin state of Co ions can be unambiguously extracted
from NMR spectra 共the line broadening caused by shorter
spin-spin and spin-lattice relaxation time with increasing
temperature may be a potential problem兲, through all stages
of the spin-state crossover.
The 3d orbitals of Co in LaCoO3 are illustrated in Fig. 2,
where the black thick segments represent Co-O bonds. These
orbitals can be used to develop a physical understanding of
the results shown in Table I. LaCoO3 has a rhombohedrally
distorted perovskite structure compressed along the 关111兴 direction 共defined as the z axis兲. In such a crystal field 共D3d
symmetry兲, the five 3d orbitals are grouped into two doublets
and one singlet. One of the doublets has orbitals oriented
toward oxygen, showing much eg character 关Fig. 2共a兲兴, while
the other has orbitals pointing away from oxygen 关Fig. 2共b兲兴.
The singlet, pointing away from oxygen, is exactly dz2 关Fig.
2共c兲兴. For HS Co, the majority-spin electrons occupy all five
orbitals, forming a spherically shaped charge distribution that
共HS兲
is mainly contributed by the
gives a negligible EFG. Vzz
minority-spin electron, occupying the singlet dz2 orbital that
leads to a large 共in magnitude兲 EFG.36 For LS Co, the three
orbitals pointing away from oxygen 关Figs. 2共b兲 and 2共c兲兴 are
doubly occupied. The sum of these three orbitals 关Fig. 2共d兲兴
共LS兲
has a cubic-like shape, yielding a negligible EFG, so Vzz
⬇ 0. For IS Co, a static Jahn-Teller distortion was not found
in this work; all Co共IS兲-O distances are the same. Three of its
majority-spin electrons occupy the orbitals pointing away
from oxygen, and the remaining one partially occupies the
eg-like doublet. Such an orbital occupancy barely contributes
共IS兲
. The two minority-spin electrons occupy the doublet
to Vzz
orbitals shown in Fig. 2共b兲. Their sum 关Fig. 2共e兲兴 leads to an
EFG with a moderate magnitude. We therefore arrive at
共LS兲
共IS兲
共HS兲
兩 ⬍ 兩Vzz
兩 ⬍ 兩Vzz
兩, as shown in Table I.
兩Vzz
When the Hubbard U is not calculated from the first principles, the computed total energy should not be used as a
criterion to determine whether a LS-IS or LS-HS crossover is
more likely for 0 ⬍ T ⬍ 90 K. The electronic structures of the
supercells containing isolated magnetic Co ions, however,
can provide some hints. With 12.5% of isolated IS Co 共40-

TABLE I. The EFG 共in 1021 V / m2兲 of LS, IS, and HS Co in different atomic and magnetic configura共LS兲
共IS兲
共HS兲
tions. EFG depends mainly on the spin state: Vzz
= −0.88⫾ 0.06; Vzz
= 12.8⫾ 1.1; Vzz
= −20.3⫾ 2.0.
LS

U = 5 eV
U = 8 eV

−0.93
−0.82

IS

HS

Isolated

FM

AFM

Isolated

FM

AFM

12.40
11.69

13.52
13.17

13.80
13.88

−19.84
−21.86

−18.27
−22.29

−20.78
−21.78
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FIG. 2. 共Color online兲 共a兲–共c兲 The 3d orbitals of Co in the rhombohedrally distorted crystal field. The black thick segments represent Co-O bonds. The 关111兴 direction is aligned with the z axis. 共d兲
Sum of the occupied orbitals in LS Co. 共e兲 Sum of the orbitals
occupied by the minority-spin electrons in IS Co. The minority-spin
electron in HS Co occupies the orbital shown in 共c兲.

atom supercell兲, LaCoO3 is predicted to be half metallic, as
demonstrated by the density of states 共DOS兲, projected DOS
共PDOS兲, and band structure shown in Fig. 3. Evident from
the PDOS onto each Co site 关Fig. 3共c兲兴, the magnetic moment 共2 B / cell兲 is mainly localized at the IS Co site. The
first, second, and third neighbor shells of Co are essentially
LS. The nonvanishing spin-up DOS at the Fermi level is
contributed by the IS Co. The half-filled bands crossing the
Fermi level 关Fig. 3共d兲兴 are formed by the above-mentioned
partially occupied eg-like doublet in IS Co. Even when the IS
Co concentration is lowered to 1.56% 共320-atom supercell兲,
the half-metallic band structure persists, as shown in Fig. 4.
As the IS Co concentration increases to 100%, LaCoO3 remains conducting, with a half-metallic band structure when
FM ordered, and a metallic one when AFM 共G-type兲 ordered.
It can thus be deduced that the LS-IS crossover is unlikely
for 0 ⬍ T ⬍ 90 K. Even with just a few percent of isolated IS
Co, LaCoO3 is predicted to be conducting, clearly incompatible with the conductivity measured in the same temperature
range.37 On the other hand, our calculations showed that
LaCoO3 is insulating with 12.5– 50 % of isolated HS Co.

FIG. 3. 共Color online兲 Electronic structure of the 40-atom supercell containing one IS Co. The Hubbard U is 5 eV for all spin
states of Co. 共a兲 Total density of states; 共b兲 projected density of
states on La, Co, and O; 共c兲 projected density of states on the IS and
surrounding LS Co; and 共d兲 band structure.

With 100% of HS Co, LaCoO3 is insulating when AFM ordered 共G-type兲. When FM ordered, U = 5 eV produces a metallic state while U = 8 eV produces an insulating state.
However, the HS-AFM state is more energetically favorable
than the HS-FM state for any given U, consistent with the
negative Weiss temperature extracted from 共T兲 in the 100–
500 K region. Thus, excitation of HS Co in the interval 0–90
K should not result in conducting LaCoO3, consistent with
experiments.
In summary, we have stabilized LaCoO3 in various states
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FIG. 4. 共Color online兲 Band structure of the 320-atom supercell
containing one IS Co. The Hubbard U is 5 eV for all spin states of
Co.
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