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Abstract. The spin-states of cobalt based perovskite compounds depend sensitively on the valence state
and local crystal environment of Co ions and the rich physical properties arise from strong coupling among
charge, spin, and orbital degrees of freedom. While extensive studies have been carried out in the past,
most of them concentrated on the isotropic compound LaCoO3. In this paper, using the unrestricted
Hartree-Fock approximation and the real-space recursion method, we have investigated the competition
of various magnetically ordered spin-states of anisotropic double-layered perovskite Sr2Y0.5Ca0.5Co2O7.
The energy comparison among these states shows that the nearest-neighbor high-spin-intermediate-spin
ferromagnetically ordered state is the relevant magnetic ground state of the compound. The magnetic
structure and sizes of magnetic moments are consistent with the recent experimental observation.

PACS. 75.25.+z Spin arrangements in magnetically ordered materials – 71.20.-b Electron density of
states and band structure of crystalline solids – 71.30.+h Metal-insulator transitions and other electronic
transitions

1 Introduction

The spin-state transition is a common phenomenon in
cobalt based perovskite compounds, the physical origin
arises from close proximity between the Hund’s cou-
pling energy and crystal field splitting energy of Co-d or-
bitals. In the prototype compound La1−xSrxCoO3 [1–4],
both photoemission spectra [5–8] and electrical resistiv-
ity measurements [9–12] suggested that there appears
an insulator-metal transition at the doping concentra-
tion x ∼ 0.2; moreover, this transition is often accom-
panied by a magnetic change from a nonmagnetic state
to a ferromagnetically ordered state. To explore the na-
ture of such spin-state transition in doped compounds,
theoretical studies [13,14] have been done on the elec-
tronic structures of La1−xSrxCoO3 for the whole doping
range 0.0 < x < 1.0. It is found that the ground state
changes from a low-spin state(t6−x

2g e0
g) at low doping con-

centration x < 0.25 to a ferromagnetic intermediate-spin
state(t52ge

1−x
g ) at moderate doping 0.25 < x < 0.41; for

higher doping concentration 0.41 < x < 0.95 the ground
state of the system takes an intermediate-spin high-spin
(t52ge

1−x
g -t42ge

2−x
g ) ferromagnetically ordered state, which

is followed by a high-spin state up to x = 1.0.
Such fascinating magnetic properties are not unique

to the isotropic perovskite compound La1−xSrxCoO3,
they also occur in layered perovskite compound
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La2−xSrxCoO4 [15,16]. The zero-field nuclear magnetic
resonance investigation [15] suggested that the magnetic
state of La2−xSrxCoO4 suddenly transforms from an anti-
ferromagnetic state to a ferromagnetic state when doping
concentration x is large (x ≥ 0.6). The effective magnetic
moment of La2−xSrxCoO4 [16] starts to decrease slowly
at x ∼ 0.5 and is followed by a sharp drop at x ∼ 0.7,
it becomes an almost constant ∼2.6µB afterwards. At the
same time, this process is also accompanied by a great re-
duction of electrical resistivity. These experimental obser-
vations lead Morimoto et al. [16] to conclude that a spin-
state transition of Co+3 takes place from a high-spin state
(t42ge

2
g) to an intermediate-spin state (t52ge

1
g) at x ∼ 0.7.

Recently, the studies on the spin-state transition have
been extended to other low dimensional Ruddlesden-
Popper series [17,18]. Using the solid state reaction
method under high pressure, Yamaura et al. [17] have
successfully synthesized n = 2 member of the Ruddlesden-
Popper series Sr2Y0.5Ca0.5Co2O7. Polycrystalline samples
of Sr2Y0.5Ca0.5Co2O7 have been analyzed by the X-ray
diffraction method and the crystal structures are found
to belong to a space group of I4/mmm with the lattice
parameters a = b = 3.759 Å and c = 20.00 Å. But the
oxygen concentration is not accurately determined and
this phase is also mixed with a small amount of KClOz.
The formal valence of Co ions is Co+3.75, the magnetic
measurements [17] showed that Sr2Y0.5Ca0.5Co2O7 is a
ferromagnet with Curie temperature TC = 169 K, the
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paramagnetic moment derived from the high tempera-
ture paramagnetic susceptibility is 2.89µB. The mixed
high-spin low-spin ferromagnetic state is proposed based
on the size of magnetic moments and valence states of
purely ionic model. The transport property is strongly in-
fluenced by disorders, grain boundaries, and mixed phase
of KClOz, variable-hopping conductivity behavior is found
instead of a metallic behavior.

While systematic studies have been done on the
pseudo-cubic LaCoO3 [1–14] and La2−xSrxCoO4 com-
pounds [15,16], the investigation on other layer-structured
cobalt based oxides of the Ruddlesden-Popper (RP) se-
ries structure is relatively new and few theoretical study
exists. Thus, we have carried out the theoretical study
in this paper on electronic and magnetic structures of
Sr2Y0.5Ca0.5Co2O7 compound [17]. As is well known, dif-
ferent spin-states can take place depending on the va-
lence state of Co ions and local bond strength [1–14].
For Co3+ ions, high-spin(HS), intermediate-spin(IS), and
low-spin(LS) states are the possibilities and their elec-
tronic configurations are t42ge

2
g(S = 2), t52ge

1
g(S = 1),

and t62ge
0
g(S = 0); while for Co4+ ions, the correspond-

ing three spin-states are t32ge
2
g(HS: S = 5/2), t42ge

1
g(IS:

S = 3/2), and t52ge
0
g(LS: S = 1/2). In Sr2Y0.5Ca0.5Co2O7

compound [17], the formal valence of Co ions is 3.75, but
the actual valence is close to 3 because of charge trans-
fer between oxygen and cobalt caused by strong covalence
bonding between the two [5]. To explore the most proba-
ble magnetic ground state, we have studied various pos-
sible metastable states with different Co spin-states and
magnetic long range orders as a function of electrostatic
crystal-field-splitting component. We find that the near-
est neighbor HS-IS ferromagnetically ordered state is the
most probable magnetic ground state of the system, the
effective magnetic moment is also consistent with the ex-
perimentally measured one.

It should be mentioned that the recent discovery of
superconductivity by Takada et al. [19] in the hydrated
NaxCoO2 · yH2O around x ∼ 0.3 has generated a great
interest in cobalt based oxides, this compound also be-
longs to a layer-structured type, but with hexagonal crys-
tal symmetry. The fascinating electronic, magnetic, and
superconducting properties of Na-doped CoO2 have been
extensively studied by both experimentalists and theo-
retists [19,21]. However, we shall restrict ourselves in this
paper on the spin-state phenomenon in recently prepared
Sr2Y0.5Ca0.5Co2O7 compound [17].

The rest of this paper is organized as following. In
Section 2, the well adopted multiband d-p Hamiltonian is
briefly described in connection with transition metal ox-
ides, the application of unrestricted Hartree-Fock approx-
imation is outlined together with the real space recursion
method for calculating the local Green’s function. In Sec-
tion 3, we analyze the relative stability of various magnetic
states as a function of electrostatic crystal-field-splitting
component and present the densities of states for those
most relevant states. The conclusion is drawn in Section 4.

2 Theoretical model and formulation

The photoemission spectra measurement and ab initio
band structure calculation [5,6] suggest that the domi-
nant electronic states in the transition metal oxides near
the Fermi energy are contributed by the transition metal
d-orbitals and oxygen p-orbitals, the multiband d-p model
Hamiltonian [22] contains all these essential orbitals in
addition to the strong correlation among d-electrons de-
scribed by on-site Coulomb and exchange interactions:

H =
∑

imσ

ε0
dmd†imσdimσ +

∑

jnσ

εpp
†
jnσpjnσ

+
∑

ijmnσ

(tmn
ij d†imσpjnσ + h.c.)

+
∑

ijnn′σ

(tnn′
ij p†inσpjn′σ+h.c)+u

∑

im

d†im↑dim↑d
†
im↓dim↓

+
1
2
ũ

∑

im �=m′σσ′
d†imσdimσd†im′σ′dim′σ′ − JH

×
∑

im �=m′
Sim · Sim′ . (1)

In equation (1), d†imσ (dimσ) and p†jnσ (pjnσ) denote the
creation(annihilation) operators of an electron on Co d-
orbital at site i and O p-orbital at site j, respectively. ε0

dm
and εp are their corresponding on-site energies. m and n
represent the orbital index and σ denotes the spin. The
electrostatic part of crystal-field-splitting (10Dq) induced
by local octahedron environment at Co ions is included in
ε0

dm, i.e., ε0
d(t2g) = ε0

d−4Dq and ε0
d(eg) = ε0

d+6Dq with ε0
d

as the bare on-site energy of d-orbitals. The total crystal-
field-splitting has, in addition to the electrostatic part,
the contributions from on-site Coulomb repulsion, Hund’s
coupling as well as covalent bondings with neighboring O
p-orbitals [23,24] which are taken into account through
Hartree-Fock self-consistent band calculation. The cubic
form of electrostatic crystal-field-splitting is a good ap-
proximation since neglected non-cubic contribution is on
the order of 1%. tmn

ij and tnn′
ij are the nearest neighbor hop-

ping integrals for p-d and p-p orbitals, they are expressed
in terms of Slater-Koster parameters (pdσ), (pdπ), (ppσ),
and (ppπ) [25]. Sim is the spin operator of electron on
Co-d’s m-orbital. ũ = u − 5JH/2, the parameter u is re-
lated to the multiplet averaged d-d Coulomb interaction U
via u = U + (20/9)JH. The above Hamiltonian describes
the itinerant nature of transition metal oxides. In local-
ized electron picture with integer occupation numbers on
orbitals Heisenberg-like Hamiltonian can be obtained by
perturbation method where both double exchange and su-
perexchange interactions are implicitly included, but the
exchange interactions have a more complex form and de-
pend on the specific electron occupations on various or-
bitals [26].

After linearizing the Hamiltonian equation (1) us-
ing the unrestricted Hartree-Fock approximation, the
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following effective single particle Hamiltonian is obtained,

H =
∑

imσ

[
ε0

dm + und
imσ̄ − JH

2
σ(µd

it − µd
im)

+ ũ(nd
it − nd

im)
]
d†imσdimσ

+
∑

jnσ

εpp
†
jnσpjnσ +

∑

ijmnσ

(tmn
ij d†imσpjnσ + h.c)

+
∑

ijnn′σ

(tnn′
ij p†inσpjn′σ + h.c.). (2)

Here, nd
imσ = 〈d†imσdimσ〉 and µd

im = nd
im↑ − nd

im↓. nd
it

and µd
it are the total electron occupation and magnetic

moment of Co d-orbitals. We have chosen the z-axis as
spin quantization axis.

Using the real space recursion method, the above ef-
fective single particle Hamiltonian equation (2) can be
mapped into a one-dimensional chain for a given starting
orbital and the local Green’s function for a given orbital
can be easily calculated [27]

G0
mσ(ω) =

b2
0

ω − a0 −
b2
1

ω − a1 −
b2
2

ω − a2 − b2
3

ω − a3 − . . .

.

(3)
ai and b2

i are the recursion coefficients computed from the
tridiagonalization of the tight-binding Hamiltonian matrix
for a given starting orbital. The multiband terminator [28]
is chosen to close the continuous fractional. To explore
the possible magnetic ground state of Sr2Y0.5Ca0.5Co2O7,
we have considered various ordered magnetic states in an
enlarged double cell of Sr2Y0.5Ca0.5Co2O7, 33 levels are
computed for each of the 124 independent orbitals. Our
results have been checked for different levels to secure an
energy accuracy better than 5 meV. The whole procedure
is iterated self-consistently for a set of electron occupa-
tion numbers nd

imσ. The density of states is obtained by
ρms(ω) = −(1/π)ImG0

ms(ω), which in turn allows us to
compute the electron numbers and magnetic moments as
well as the energies of various ordered states.

The advantage of the real space recursion method over
the conventional method in k-space are two folds: Firstly,
it directly calculates the local densities of states and thus
avoids the three dimensional integration over band disper-
sion within the Brillouin Zone; Secondly, all the proposed
magnetically ordered states can be treated on equal foot-
ing within the supercell, the different states correspond to
different sets of trial values of electron occupation numbers
and thus it avoids using different geometries of Brillouin
zone which can greatly reduce the systematic error dur-
ing the numerical computation. Also, the computational
time of real space recursion method increases linearly with
the number of atoms in a primary cell while the k-space
method increases quadratically with the number of atoms

Fig. 1. Schematic view of the crystal structure of double-
layered perovskite Sr2Y0.5Ca0.5Co2O7.

in a cell, thus, it has an advantage when a large number of
atoms in the cell exist and many different magnetic states
have to be taken into consideration for comparison.

3 Numerical results and discussion

The parameter set of the compound can be derived from
the cluster model analysis of the photoemission spec-
tra [5,6] as well as the ab initio local spin density approxi-
mation(LSDA) calculations [13,29]. The densities of states
(DOS) of the end members LaCoO3 and SrCoO3 using
these parameters are in an excellent agreement with both
experiments and ab initio calculations [14]. The parameter
set thus obtained is as follows: the bare on-site energies of
Co-d and O-p orbitals are taken as ε0

d = −28 eV and εp =
0 eV. The on-site Coulomb repulsion and Hund’s coupling
constants are set at U = 5.0 eV and JH = 0.84 eV.
The Slater-Koster parameters are estimated from those
of LaCoO3 using the well known scaling relations [30]
(ll′m) ∝ d−2 for l = l′ = 1 and (ll′m) ∝ d−3.5 for
l = 1, l′ = 2, where d is the bond length between two
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Fig. 2. Schematic diagram for various magnetic states. (a) G-
FM state, (b) C-FM state, (c) A-FM state, (d) G-AF state, (e)
C-AF state, and (f) A-AF state. The longer and shorter arrows
represent the moments of different spin states of inequivalent
cobalt ions.

atoms. The crystal structure of Sr2Y0.5Ca0.5Co2O7 as
shown in Figure 1 belongs to tetragonal crystal group and
lattice constants are a = 3.759 Å and c = 20.00 Å [17], the
Slater-Koster parameters of LaCoO3 are (pdσ) = −2.0 eV,
(pdπ) = 0.922 eV, (ppσ) = 0.6 eV, and (ppπ) = −0.15 eV,
respectively [14]. The most probable magnetic ground
state is searched as a function of electrostatic part of
crystal-field-splitting Dq.

With the parameter set given above, we have inves-
tigated various magnetically ordered states of the com-
pound shown in Figure 2, which include ferromagneti-
cally ordered state(FM), nearest neighbor antiferromag-
netically ordered state(G-AF), antiferromagnetically or-
dered chain along a-axis(C-AF), and the layer-type an-
tiferromagnetically ordered state(A-AF). In addition, the
ferromagnetically ordered state can be sub-divided into
three ferromagnetic states denoted by the G-FM, C-FM,
and A-FM whose neighboring spin states of Co ions are
different and with a modulation vector similar to those
antiferromagnetic states described above. In each mag-
netic state, three spin-states of Co ions are considered
which amounts to 6 different spin configurations and
6 × 6 − 6 = 30 different magnetic states in total. The nu-
merical studies show that some of these states are either
not metastable or converge to other more stable states and
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Fig. 3. The total energies (ETOT ) per double cell as a function
of Dq. The inset is the relative energies (E�) with respect to
that of the G-FM-HS-IS state. The other parameters are listed
in the text.

some of these states are metastable but with much higher
energy than other states. Therefore, we concentrate in the
following those metastable states which are either the pos-
sible magnetic ground states or the low lying excited states
of the compound.

In order to determine which spin structure is
the most probable candidate for the ground state of
Sr2Y0.5Ca0.5Co2O7, we have calculated energies per
double-cell of various magnetically ordered states as func-
tions of Dq. The phase diagram is presented in Figure 3
for those low lying states, the horizontal axis denotes the
electrostatic part of crystal field splitting and vertical axis
represents the total energy of each state. To have a bet-
ter view of those low lying states, the six lowest energy
states are replotted in the inset of Figure 3. This figure
shows that the ferromagnetically ordered states composed
of nearest neighbor ordered high-spin and intermediate-
spin states(G-FM-HS-IS) consistently have lower energy
than other states when the crystal field splitting is small.
While at large crystal field splitting, the ferromagnetically
ordered state with uniform intermediate-spin (FM-IS) has
the lowest energy and layer-type antiferromagnetically
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ordered states with the intermediate-spin(A-AF-IS) serves
as the first excited state. Although both G-FM-HS-IS
state and FM-IS state are the possible magnetic ground
states, only the G-FM-HS-IS state has the right average
magnetic moment which is consistent with the experimen-
tal measurement. In the following, we concentrate mainly
on the magnetic ground states and first excited states since
they are the most relevant states to the properties mea-
sured in experiments.

The first state we consider is the high-spin(HS) and
intermediate-spin(IS) nearest neighbor ordered ferromag-
netic state(Fig. 2a, G-FM-HS-IS), which also happens
to be the ground state in the range Dq ≤ 0.162 eV.
The total density of states (TDOS) and partial densi-
ties of states(PDOS) for Co(1,HS), Co(2,IS)-d orbitals
and all oxygen-p orbitals are presented in Figure 4 for
Dq = 0.15 eV, this state is a conductor since there
exists finite density of states at Fermi energy(EF ≡
0). The occupancies and magnetic moments of Co ions
are 6.39 and 3.12µB for Co(1,HS) site and 6.60 and
1.55µB for Co(2,IS) site, respectively. The average ef-
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Fig. 5. The total density of states and partial densities of
states for C-FM-HS-IS state. (a) TDOS, (b) PDOS for Co(1)-
d orbitals, (c) PDOS for Co(2)-d orbitals, and (d) PDOS for
all O-p orbitals. Dq = 0.15 eV and the other parameters are
listed in the text.

fective magnetic moment is estimated to be µeff =√
0.5[µ(1)(µ(1) + 2) + µ(2)(µ(2) + 2)] ≈ 3.28µB which is

close to but higher than the experimentally measured
value of µeff ≈ 2.89µB [17]. The analysis of the partial
density of states reveals that the spectra weight below the
Fermi energy are mainly contributed by the O-p orbitals
except those satellite peaks near and deep below the Fermi
energy. A close inspection of densities of states show that
the Co-d’s t2g orbitals are quite localized while the eg or-
bitals are rather extended and exhibit strong itinerancy.
The DOS at the Fermi energy has mixed characters and
are mainly contributed by the oxygen-p and HS Co-d or-
bitals. The electron occupancies of Co-d orbitals are larger
than the value indicated by the ionic valence because of
the strong covalency between Co-d and O-p orbitals.

The combination of HS and IS states seems to be a
common feature for the magnetic ground state and low
lying excited states when Dq ≤ 0.162 eV. As can be seen
in the phase diagram shown in Figure 3, the first and
second excited states are also ferromagnetically ordered
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states composed of HS and IS states of Co ions, but with
different modulation wave vectors. For example, the first
excited state(C-FM-HS-IS) is the chain-type ferromagnet-
ically ordered state(Fig. 2b) where the one dimensional
ferromagnetically ordered HS chain and IS chain are orga-
nized into an neighboring alternating structure. The total
density of states and partial densities of states shown in
Figure 5 suggest that the overall feature of the density of
states is similar to those of G-FM-HS-IS state although
the DOS at Fermi energy is significantly reduced. The
similarity arises because of the similar sizes of exchange
field for the HS and IS Co-d orbitals in these two magnetic
states. The peaks widths of Co-d related bands are some-
what enhanced due to the existence of one-dimensional
chains which favors the itinerancy of d-electrons. The oc-
cupancies and magnetic moments of Co ions are 6.38 and
3.07µB for Co(1,HS) site and 6.6 and 1.56µB for Co(2,IS)
site, respectively. The deduced effective magnetic moment
is µeff ≈ 3.25µB.

If the electrostatic crystal-field-splitting energy Dq is
larger than 0.162 eV, the high-spin state is not favored and
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orbitals, (c) PDOS for Co(2)-d orbitals, and (d) PDOS for all
O-p orbitals. Dq = 0.17 eV and the other parameters are listed
in the text.

the magnetic ground state changes from the G-FM-HS-IS
state into a uniform ferromagnetically ordered state com-
posed of IS state(FM-IS). From the total as well as partial
densities of states illustrated in Figure 6, one notices that
the total band width is significantly reduced. This is so be-
cause the intermediate-spin state of Co ions has a smaller
magnetic moment, the resulted exchange field is also much
weaker than that of high-spin state of Co ions, thus the
band splitting due to the exchange field is significantly
reduced in comparison with that of mixed HS and IS fer-
romagnetically ordered state. The peaks in the density of
states near the Fermi energy becomes more symmetrical
because all the Co ions are in the same IS state. As be-
fore, this state also corresponds to a metallic state. The
occupancy and magnetic moment of Co ions are 6.57 and
1.48µB. The corresponding effective magnetic moment is
µeff ≈ 2.27µB which is much smaller than the measured
value.

Unlike the situation in the low crystal field splitting
Dq ≤ 0.162 eV where both magnetic ground state and first
excited state are ferromagnetic states and are separated
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by a large energy difference, the first excited state for
Dq > 0.162 eV is a layer-type antiferromagnetically or-
dered state composed of the same IS state of Co ions(A-
AF-IS) and has a total energy in close proximity to the
FM-IS ground state. As illustrated in Figure 7, the anti-
ferromagnetic feature can be clearly distinguished in the
PDOS of oxygen p-orbitals which are fully symmetrical
due to the compensation of neighboring antiferromagneti-
cally ordered layers. The PDOS of Co-d orbitals in neigh-
boring planes also showed a mirror symmetry because of
reversed magnetic moments. Because the magnetic mo-
ment in A-AF-IS state has a similar size as that of FM-IS
state, the overall band width is also similar though the
spin polarized DOS are dramatically different from each
other. The occupancy and magnetic moment of Co ions
are 6.58 and 1.48µB.

In addition to the 30 magnetic states studied above, we
have, in fact, also investigated other magnetic states with
different inter-double-layer magnetic coupling, but in the
relevant Dq range to the studied material, only G-FM-
HS-IS state and FM-IS state do have the lowest energy
and correspond to the possible magnetic ground state.
However, by further comparing with the experimentally
measured effective magnetic moment, one finds that G-
FM-HS-IS state is more closer to the experimental obser-
vation both in ferromagnetic ordering as well as in the size
of magnetic moment while FM-IS state only has the right
ferromagnetic ordering, but the size of magnetic moment
is too small in comparing with the measured one. Thus, we
conclude that the G-FM-HS-IS state is the best candidate
for the experimentally observed magnetic state.

Another thing worth of mentioning is that although
doped samples correspond to a metallic state in the band
structure picture as demonstrated in the DOS shown in
Figure 4, the presence of disorders, mixed phase, as well as
grain boundary can easily induce electronic localization.
Therefore, to have a better comparison between theoret-
ical prediction and experimental measurement on trans-
port property, single crystal samples are highly desirable.

4 Conclusion

In conclusion, various magnetic structures in an
enlarged double cell of double layered perovskite
Sr2Y0.5Ca0.5Co2O7 are studied using the unrestricted
Hartree-Fock approximation and the real-space recursion
method, the phase diagram is obtained as functions of
the electrostatic part of crystal-field splitting. In view of
the measured effective magnetic moment, it is concluded
that the G-FM-HS-IS state is the best candidate for the
magnetic ground state of the system. The variable-range-
hopping transport property of the compound is most
probably resulted from the polycrystalline grain bound-
aries, disorders, and the mixed phase of KClOz.
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