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The electronic structures of quasi-one-dimensional ferrimagnetic Ca3Coy0¢ are investigated using the
generalized gradient approximation (GGA) as well as the GGA plus on-site Coulomb interaction (GGA + U)
scheme. GGA + U calculations reveal that the interchain ferrimagnetic Ca3Coy0¢g is a Mott-Hubbard
insulator rather than a metal given from GGA. In addition, we found an on-site U induced 3z — r2
orbital ordering on Cop,; sublattice which drives the intrachain ferromagnetic coupling along c-axis. Our
findings suggest that strong electron-electron correlation plays an important role in CazCo,0g.
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1. Introduction

The quasi-one-dimensional ferrimagnetic insulator Ca3Co;Og
has attracted considerable attention in recent years due to the
stair-step jumps in the magnetization under applied magnetic field
[1-7]. At H=5 T (along c-axis), the magnetic moments align
ferromagnetically (FM) with a saturation magnetization (M;) of
~4.8up [1-5]. A rapid transition from the FM state into the fer-
rimagnetic state with a plateau magnetization of about M;/3 is
observed at Hc ~ 3.6 T [1-7]. Below ~ 3.6 T (with temperature
less then 10 K), the M(H) curve becomes strongly hysteretic and
exhibits several additional magnetization steps at H=1.2, 2.4, and
3.6 T [2-7]. Monte Carlo simulations [8] on a 2D Ising model
demonstrate that the three observed plateaus of the ferrimag-
netic phase are related to metastable magnetic states. On the other
hand, X-ray absorption and magnetic circular dichroism reveal that
there are anomalously large orbital moment of 1.7 wp along c-
axis at the Coyy; sites [9]. This could be related to the very strong
anisotropy with the moment preferentially aligned along c-axis
induced by the crystalline electronic fields [2-4]. First-principles
calculations [10] show the spin-orbit coupling and unusual coor-
dination of the trigonal Co ion lead to the occupation of the d;
spin-down orbital, generating a giant orbital moment (1.57 wg).
Very recently, Ca3Co,0¢ has also been found to exhibit a magne-
todielectric effect below Ty =25 K with a peak in the ¢(H) curve
at the ferri to ferromagnetic transition [11].

The Ca3Co,0g crystal is composed of alternating CoOg trigo-
nal prisms (Cop) and CoOg octahedra (Cooc) running along the
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c-axis of the hexagonal cell [1] with Ca ions separating these CoOg
chains (Fig. 1). The hopping conductivity shows insulating behav-
ior with an energy gap opened by the correlated d electrons [12].
NMR measurement [13], X-ray photoemission spectroscopy [14],
and X-ray absorption [9] illustrate that both the Cop; and Coot
are trivalent. The Coy site is in a low-spin state with magnetic
moment of 0.08 g, whereas Cop; site is in the high-spin state
with magnetic moment of ~3up [1,9,13,14]. The intrachain and
interchain couplings are ferromagnetic (FM) and antiferromagnetic
(AFM), respectively [15,16]. The long Co-Co interchain distance
(~5.3 A), as compared to the short Copri—Cooct intrachain distance
(~ 2.6 A), ensures the hierarchy of the magnetic exchange ener-
gies, Jintra > Jinter [4].

In this work we investigate the electronic structure of CazCo;0g
from first-principles. We find Ca3Co0s a Mott-Hubbard insulator
in the interchain ferrimagnetic ground state with a 3z2 — r? orbital
ordering on the Cop; sublattice driving the intrachain ferromag-
netic coupling along c-axis.

2. Computational details

The electronic structures of Ca3Coy0¢ are calculated using the
full-potential projected augmented wave method [17] as imple-
mented in the VASP [18] package within the generalized gradient
approximation (GGA) [19] and GGA plus Hubbard U (GGA + U)
[20] scheme. The low-T ferrimagnetic rhombohedral R3c structure
with 66 atoms per unit cell (Fig. 1) is used. The calculations were
performed over a 5 x 5 x 5 Monkhorst-Pack k-points grid in the
irreducible Brillouin zone with cut-off energy of 500 eV. Coulomb
energy U =5 eV [10] and exchange parameter | =0.8 eV are used
for all Co ions.
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Fig. 1. Crystal structure of CazCo,0g. Blue, green, and red spheres denote Ca, Co,
and O atoms, respectively.

3. Result and discussion

Fig. 2(a) shows the GGA total density of states (DOS) of
Ca3Coy0¢ in the ferrimagnetic (FI) phase, in which the spin of
all the intrachain Co ions align ferromagnetically while the mag-
netization of one of the three CoOg chains are antiparallel to that
of the other two chains. The Co 3d states dominate the energy
band from Ef to —1.5 eV, while the O 2p states are of lower
energy. The projected DOS of Cos¢ and Cop; ions in one CoOg
chain are also plotted. It can be seen that both the Coy and Copy;
ions show half-metallic behaviors that only spin down electrons
are conductive. Combined with contributions from the other ferro-
and antiferro-magnetic chains, GGA gives a metallic ground state
for the FI phase (Fig. 2(a)). We have also calculated the total en-
ergy of the ferromagnetic (FM) state. The resultant FM energy is
10 meV per unit cell lower than the FI one as listed in Table 1.
Unfortunately both conclusions from GGA as discussed above are
inconsistent with the experimental insulating FI ground state of
CazCoy06 [15,16].

To verify if the strong correlation is responsible for these dis-
crepancies, we perform GGA + U calculations for both the FI and
FM states. As shown in Table 1, the total energy of FI state is
28 meV per unit cell lower than FM states from GGA + U, in-
dicating a FI ground state of CazCo,0Og. Meanwhile the on-site
Coulomb repulsion U opens up an energy gap (0.64 eV) at Fermi
level as depicted in Fig. 2(b), leading Ca3zCo,0¢ to a Mott insulator.
Band structures calculations (not shown here) demonstrate that
band dispersions are relatively strong along c-direction than over
ab-plane, reflecting the structural quasi-one-dimensional character.
The strong intrachain and weak interchain interactions implied by
band dispersions also consist with hopping conductivity measure-
ments [12].

The integrated Co valence charge and spin over atomic sphere
of radius 1.0 A are listed in Table 1. There exist slight charge sep-
aration of ~ 0.1e between Coo; and Copy; ions from both GGA
and GGA + U. Whereas the spin moments are very different for
these two sites. The octahedral Co is nearly nonmagnetic while
the prismatic Co is in the high spin state of ~ 3up/Co. To iden-
tify the energy levels, we project the Co d bands onto the five
cubic harmonics as depicted in Fig. 3. From GGA, the Coy; spin
up channel is fully occupied, while in the spin down channel, the
322 — 1% /x*> — y? /xy orbitals are partially occupied with the yz/zx
orbitals empty. In contrast, the on-site U strongly localizes the spin
up doubly degenerated x> — y2/xy and yz/zx bands and drasti-
cally lowers the band energy to —6.4 eV and —6.8 eV, respectively.
While the spin down counterparts are pushed up above Ef, result-
ing in the (d° 1, d;z 1) high spin state with nominal 4up/Copyi
and numerical and experimental ~ 3up/Cops. Since 322 — 12 or-
bital (ajg in the hexagonal symmetry) of both spin are fully oc-
cupied, the magnetic moment at Cop; sites mainly comes from
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Fig. 2. DOS of Ca3Co,06 from GGA (a) and GGA + U (b). Black, red, and blue lines
denote total, Cooct, and Co, DOS, respectively. The Fermi level is at zero energy.

Table 1

Magnetic stability (Ag = Eg — Epy, meV/unit cell), energy gap (eV), valence charge
(e), and magnetic moment () of Co ions within atomic spheres of radius 1.0 A
in ferrimagnetic Ca3Co,0g.

Ag Gap cOg’;;"ge Co;’;f"ge Cof,pci” Coz‘,’;"
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Fig. 3. DOS of Ca3Co,0¢ projected onto the 3d cubic harmonics from GGA (a) and
GGA+U (b).

the low-energy x* — y2/xy and yz/zx orbitals (e;g in the hexago-
nal symmetry). As for the Co, ions (Fig. 3(c, d)), both GGA and
GGA + U gives approximately (e/nga}gT, e:gzw}gw low spin con-
figuration in the hexagonal symmetry with a nearly zero moment.
From the above energy level analysis, although there exists numer-
ically slight charge disproportion, however both the Cooc¢ and Copyi
are nominally trivalent with 6 valence electrons. This result is sup-
port by experiments [9,13,14].

The Copi (d°1, d},|) and Coocr (ei?taj,t, eglaj,) valence
configurations from GGA + U discussed above and presented in
Fig. 3 actually indicate the formation of 3z2 — r2 orbital ordering
on Cop,; sublattice. Fig. 4 shows the equal charge density surface in
the energy interval (—1.5 eV ~ Ef) from GGA+ U. At Coo site, the
ellipsoid-like charge contour results from the fully occupied spin
up and spin down e; and aig orbitals. While at Copy; sites, the
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Fig. 4. Orbital ordering of Ca3zCo,0s. For clarity, only one CoOg chain is shown.

trigonal prism crystal field favors the aqg (322 — r?) orbital. Hence
both the spin up and spin down aig orbitals are fully occupied
while e’g is occupied by spin up electrons only (Fig. 3), forming
the 3z%2 — r? orbital ordering as shown in Fig. 4. We have also per-
formed calculations using different values of U. Our results reveal
that the energy gap at Ef and orbital ordering exists with U from 3
to 8 eV.

The relatively short intrachain bond distance of 2.6 A between
Cooct and Coyy; leads to a direct overlap of 322 — r? orbitals of
these two sites. As a result, the intrachain FM coupling between
Copi ions would be induced by the indirect exchange interac-
tion between the localized spin moments of Cop; x> — y?/xy and
yz/zx electrons (Fig. 3(b)) mediated by the relatively itinerant one-
dimensional 3z —r2 bands along c-axis. Our results are compatible
with the argument that the Coo — Copy; distance is short enough
for formation of an itinerant 3z% — r? one-dimensional band [7]
with ferromagnetic coupling [21]. The calculated total energy of
the intrachain FM state is 23 meV per unit cell lower than the
intrachain AFM state. We note this is close to the correspond-
ing interchain value of 28 meV (Table 1), indicating that Jiyqq is
similar to Jineer in spite of the chain structure. This could be under-
stood by the following two reasons: First, the nonmagnetic Co,t
ion strongly screens the magnetic interactions between two Copy
ions. Second, the distance between two Cop; ions is about 5.2 A,
which is nearly equal to the inter-chain distance of ~ 5.3 A. Nev-
ertheless the intrachain electronic interaction is certainly stronger
than the interchain one, leading to the stronger band dispersions
along the c-axis as mentioned previously.

4. Conclusion

We have investigated the electronic structures of Ca3zCo,0g us-
ing GGA and GGA + U formalisms. We found Ca3Co;0g is a FI

Mott insulator rather than a FM metal. In addition, we found an
associated 3z2 — r? orbital ordering on Copyi sublattice induced
by on-site U. This 3z% — r? orbital ordering plays important role
in forming the intrachain FM ground state. Our finding suggests
that strong electron-electron correlation is important in quasi-one-
dimensional Ca3Co;0g.
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