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Abstract. The spin-state transition is an interesting and unresolved problem in layered perovskite
La2−xSrxCoO4 under doping, as it involves competition among different magnetic structures.
Within the unrestricted Hartree–Fock approximation and using the real space recursion method
we have studied the effect of Sr doping on the magnetic and electronic properties of layered
perovskite La2CoO4. All configurations in an enlarged double cell among the low-spin (t6

2ge
1
g)

and the high-spin (t5
2ge

2
g) states are considered. It is found that the ground state of a doped system

takes the antiferromagnetic high-spin state (t5−x
2g e2

g) for 0 < x < 0.39, the ferromagnetic high-spin

state (t5
2ge

2−x
g ) for 0.39 � x < 0.52, followed by the ferromagnetic high-spin–low-spin ordered

state (t5−x
2g e2

g–t6
2ge

1−x
g ) for 0.52 � x < 1.1. The two spin-state transitions in the doping range

(0 < x < 1.1) we studied are in agreement with experimental observations.

1. Introduction

Recently, there has been much debate [1] concerning the anomalous spin-state transition of
La1−xSrxCoO3 as well as its complex electronic and magnetic properties. Both photoemission
spectra [2] and electrical resistivity measurements [3] on this doped system have revealed
that there appears to be an insulator–metal transition at a doping concentration of x ∼ 0.2;
moreover, this transition is often accompanied by a magnetic transition from the nonmagnetic
state to the ferromagnetically ordered state. To explore the nature of such a spin-state
transition in the doped compound, Zhuang et al [4] have calculated the electronic structure
of La1−xSrxCoO3 for the whole doping range 0.0 < x < 1.0 and found that the ground
state changes from the low-spin state (t6−x

2g e0
g) at low doping concentration x < 0.25 to

a ferromagnetic intermediate-spin state (t5
2ge

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

for a higher doping concentration 0.41 � x < 0.95 the ground state of the system takes
an intermediate-spin–high-spin (t5

2ge
1−x
g –t4

2ge
2−x
g ) ferromagnetically ordered state, which is

followed by the 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 the layered perovskite compound La2−xSrxCoO4. A
zero-field nuclear magnetic resonance investigation [5] suggested that the magnetic state of
La2−xSrxCoO4 suddenly transforms from an antiferromagnetic state to a ferromagnetic state
when the doping concentration x is large (x � 0.6). The effective magnetic moment of
La2−xSrxCoO4 [6] starts to decrease slowly at x ∼ 0.5 and is followed by a sharp drop at
x ∼ 0.7, becoming an almost constant ∼ 2.6µB afterwards. At the same time, this process is
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also accompanied by a great reduction of electrical resistivity. These experimental observations
lead Moritomo et al to conclude that a spin-state transition of Co+3 takes place from the high-
spin state (t4

2ge
2
g) to the intermediate-spin state (t5

2ge
1
g) at x ∼ 0.7. However, the neutron

diffraction experiment [7] gives a different physical picture and indicates that the numbers of
low-spin and high-spin cobalt ions of LaSrCoO4 are of the ratio of 1:1 at low temperature,
which is also revealed by the optical conductivity spectra [8].

To achieve a better understanding of the magnetic properties of Sr-doped La2CoO4, we
have previously studied the possible ground state of LaSrCoO4 [9] as a function of material
parameters. It was found that for a fixed Hund’s coupling j , the ground state of LaSrCoO4 may
transform from the antiferromagnetic high-spin state (t4

2ge
2
g) to the ferromagnetic high-spin–

low-spin ordered state (t4
2ge

2
g–t6

2ge
0
g) and finally to the nonmagnetic low-spin state (t6

2ge
0
g) as

the crystal-field splitting Dq increases. Judging from the size of measured effective magnetic
moment µeff ∼ 2.6µB [5, 6] and optical conductivity spectra, the most probable ground state
of LaSrCoO4 is found to be the high-spin–low-spin ordered state. In the present paper, we
expand our investigation to the electronic structures of La2−xSrxCoO4 in the whole doping
range 0.0 < x < 1.1. The calculation is performed within the unrestricted Hartree–Fock
approximation on a realistic perovskite-type lattice model. The low-spin state (LS, t6

2ge
1
g)

and high-spin state (HS, t5
2ge

2
g) of La2CoO4 as well as all their combinations in the double

cell are taken as the initial configurations, and self-consistent solutions are sought using the
iteration method. To compare the relative stability of the various states, we have computed
their energies as a function of the doping concentration x. It is shown that in the doping range
0.0 < x < 1.1 two spin-state transitions occur. The first transition takes place at x � 0.39 from
the antiferromagnetic high-spin state (t5−x

2g e2
g) to the ferromagnetic high-spin state (t5

2ge
2−x
g ),

the second one from the ferromagnetic high-spin state to the ferromagnetic high-spin–low-spin
ordered state (t5−x

2g e2
g–t6

2ge
1−x
g ) at x � 0.52, which is in qualitative agreement with experimental

observation [6].
The rest of this paper is organized in the following way. In section 2 we first introduce the

lattice model and the unrestricted Hartree–Fock approximation, then the real space recursion
method is also briefly outlined. In section 3 we analyse the Sr doping effect on the properties
of La2−xSrxCoO4 based on our numerical results. The conclusion is drawn in section 4.

2. Theoretical model and formulation

To describe the perovskite compound, the following multiband d–p model Hamiltonian [10]
has been widely used. It includes the full degeneracies of the transition metal 3d orbitals and
oxygen 2p orbitals as well as the on-site Coulomb and exchange interactions:

H = H0 + H1 (1a)

H0 =
∑
imσ

ε0
dmd

†
imσ dimσ +

∑
jnσ

εpp
†
jnσpjnσ

+
∑
ijmnσ

(tmn
ij d

†
imσpjnσ + h.c.) +

∑
ijnn′σ

(tnn
′

ij p
†
inσpjn′σ + h.c.) (1b)

H1 =
∑
im

ud
†
im↑dim↑d

†
im↓dim↓ +

1

2

∑
im �=m′σσ ′

ũd
†
imσ dimσ d

†
im′σ ′dim′σ ′

−j
∑
imσσ ′

d
†
imσ σdimσ ′ · Sd

im. (1c)

In equation (1) dimσ (d
†
imσ ) and pjnσ (p

†
jnσ ) denote the annihilation (creation) operators of an

electron on Co-d at site i and O-p at site j , respectively, and ε0
dm and εp are their corresponding
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on-site energies. m and n represent the orbital index and σ denotes the spin. The crystal-field
splitting is included in ε0

dm, i.e., ε0
d(t2g) = ε0

d − 4Dq and ε0
d(eg) = ε0

d + 6Dq, where ε0
d is the

bare on-site energy of the d orbital. tmn
ij and tnn

′
ij are the nearest neighbour hopping integrals for

p–d and p–p orbitals, they are expressed in terms of Slater–Koster parameters (pdσ ), (pdπ ),
(ppσ ) and (ppπ ). Sd

im is the total spin operator of the Co ion extracting the one in orbital m,
ũ = u− 5j/2. The parameter u is related to the multiplet averaged d–d Coulomb interaction
U via u = U + (20/9)j .

After linearizing the Hamiltonian equation (1) using the unrestricted Hartree–Fock
approximation, the following effective single particle Hamiltonian is obtained

H =
∑
imσ

[ε0
dm + undimσ̄ − j

2
σ(µd

t − µd
m) + ũ(ndt − ndm)]d

†
imσ dimσ +

∑
jnσ

εpp
†
jnσpjnσ

+
∑
ijmnσ

(tmn
ij d

†
imσpjnσ + h.c.) +

∑
ijnn′σ

(tnn
′

ij p
†
inσpjn′σ + h.c.).

(2)

Here ndmσ = 〈d†
mσdmσ 〉, µd

m = ndm↑ − ndm↓ and ndt and µd
t are the total electron number and

magnetization of the Co-d orbitals. We have chosen the z-axis as the spin quantization axis.
For the effective single particle Hamiltonian equation (2), the density of states can be easily

calculated using the real-space recursion method [11] and the Green’s function is expressed as

G0
mσ (ω) = b2

0

ω − a0 − b2
1

ω − a1 − b2
2

ω − a2 − b2
3

ω − a3 − . . . .

(3)

The recursion coefficients ai and bi are computed from the tridiagonalization of the tight-
binding Hamiltonian matrix for a given starting orbital. The multiband terminator [12]
is chosen to close the continuous fractional. In order to investigate possible ground state
of La2−xSrxCoO4, we have considered various ordered states in an enlarged double cell
and computed 25 levels for each of the 68 independent orbitals. Our results have been
checked for different levels to secure the energy accuracy better than 5 meV. The whole
procedure is iterated self-consistently until convergence and the density of states is obtained
by ρms(ω) = − 1

π
ImGms(ω), which allows us to compute the electron numbers and magnetic

moments as well as the energies of various ordered states.

3. Numerical results and discussions

Since there have been relatively few studies on doped La2−xSrxCoO4, there are no direct
experimental data on the band structure parameters, and thus these parameters have to be
estimated from its counterpart LaCoO3, the size of the Co–O6 octahedron in the two compounds
being essentially the same [13]. The estimated nearest neighbouring Co–O and O–O in
the Co–O6 octahedron are (pdσ) = −2.0 eV, (pdπ) = 0.922 eV, (ppσ) = 0.6 eV and
(ppπ) = −0.15 eV, respectively. The hopping integrals between the oxygens of neighbouring
layers, the (ppσ) and (ppπ), can be obtained using the scaling relation [14] Vll′m = ηll′m

h̄2

md2

for different interatomic distances d . The values obtained are (ppσ) = 0.334 eV and
(ppπ) = −0.084 eV. 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 is U = 5.0 eV. The crystal-field

splitting and Hund’s coupling are set as Dq = 0.14 eV and j = 0.90 eV, values which are
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Figure 1. The total energies (Et ) and the relative energies with respect to that of the HS-AFM
state (E)) per double cell of the three ordered states as a function of the doping concentration
x. The inset shows the doping dependence of the magnetic moment (µ) of La2−xSrxCoO4. The
parameters are described in the text.

slightly larger than those in LaCoO3 because the configuration of Co2+ in the ground state of
La2CoO4 [15] is t5

2ge
2
g (high-spin state) rather than t6

2ge
1
g (low-spin state).

With the parameter set given above, the ground state of the high-spin state of La2CoO4 and
the high-spin–low-spin ordered state of LaSrCoO4 [9] are reproduced. We took the spin states
of Co+2 of La2CoO4 as a reference and studied the evolution of all possible neighbouring
ordered states as a function of Sr doping concentration x. It was found that only three
ordered states would become the ground state in the doping range we studied; these are the
antiferromagnetic high-spin ordered state (HS-AFM) for 0 < x < 0.39, the ferromagnetic
high-spin ordered state (HS-FM) for 0.39 � x < 0.52, and the ferromagnetic high-spin–low-
spin ordered state (HS–LS-FM) for 0.52 � x < 1.1. To save space, we will concentrate our
discussion on these three spin ordered states. In figure 1 we first present the total energies of
the three spin ordered states as a function of doping concentration x. Since the total energies
of these states are very close to each other in the doping region 0 < x < 1.1, the relative
energies with respect to that of the HS-AFM state are also plotted in the inset of figure 1. In
the following, we will discuss the doping dependence of electronic structures and magnetic
properties of the ground state.

As is well known, the ground state of La2CoO4 is an antiferromagnetic insulator [15]. Its
density of states (DOS) is shown in figure 2(a) with the Fermi energy (EF = 0) in the band
gap. The peaks at the bottom and the top of the valence band as well as those above EF mainly
come from the t2g band, while the main body of the valence band is mostly contributed by
O-p orbitals. The magnetic moment is 2.65µB and the electron occupancy of Co-d orbitals
is 7.30, which is larger than that indicated by the pure ionic model due to strong covalence
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Figure 2. The total density of states of the HS-AFM ordered state for the doping concentration (a)
x = 0, and (b) x = 0.3.

between Co-d and O-p orbitals. For a small to moderate doping concentration 0 < x < 0.39,
the HS-AFM state persists as the lowest energy state. However, the EF slowly shifts from
the gap region into the top of the valence band. This indicates that the system undergoes an
insulator–metal transition at low temperatures, as shown in figure 2(b), since a finite density
of states exists at EF .

As the doping concentration crosses x = 0.39, the HS-AFM ground state is replaced by
the HS-FM ordered state. This occurs because doping favours the double exchange mechanism
which minimizes the system’s kinetic energy. This state is also a metallic state; the typical
density of states of the HS-FM ordered state is shown in figure 3 for x = 0.5. From the
partial density of states (PDOS) of Co-d and O-p orbitals, it is seen that the main body of
the valence band still comes from O-p orbitals while the peaks near EF are contributed by
Co-d orbitals. The density of states at the Fermi energy is strongly mixed with both Co-d
and O-p characters. The electronic occupancy is 7.05 and magnetic moment is 2.53µB . This
spin ordered state corresponds to the intermediate-spin state (t5

2ge
1
g) of LaSrCoO4, which was

proposed to explain the sharp reduction of the magnetic moment of La2−xSrxCoO4 at x ∼ 0.7.
However, in our numerical calculation, this state only survives in a small doping region and is
replaced by another spin-ordered state HS–LS-FM at x ∼ 0.52. Indeed, the intermediate-spin
configuration of Co+3 is energetically less favourable than that of low-spin state or high-spin
state and the double exchange effect will be restrained when the doping concentration further
increases, so it is impossible for the HS-FM ordered state to be stable in a large doping range.

In figure 4, we display the partial densities of states of the two different Co ions and the
total density of states of the HS-LS-FM ordered state for x = 1.0. Obviously, the main feature
of the valence band comes from the O-p band, while the total band width is mainly determined
by the Co-d bands. From figure 4(a)–(c), sharp peaks mainly stem from t2g orbitals and eg
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Figure 3. The density of states of the HS-FM ordered state at x = 0.5. (a) total DOS, (b) the
PDOS for Co-d and (c) the PDOS for O-p.

bands are almost flat and broad. Moreover, the width of the HS Co-d band is broader than that
of the LS Co-d band due to magnetic splitting. It is again an insulator with EF in the band
gap. The occupancy of two Co ions are 6.96 and 6.53 and their magnetic moments are 0.16µB

and 3.30µB , respectively.
Once the ground state is determined for the whole doping range, it is easy to obtain the

corresponding magnetic moment that is also depicted in the inset of figure 1. Comparison
with experimental measurements shows that the overall trend is correctly predicted, however
the crossing points of two spin state transitions are somewhat smaller than those found in
experiments. Here, temperature effect may account for this discrepancy, as our calculation
is done for zero temperature while the experimental measurement is carried out at room
temperature. It is noticed that the higher temperature is favourable for inducing the high-spin
state since it can make the crystal-field splitting weak, thus the Hund coupling becomes more
and more dominant, making the HS-AFM and HS-FM ordered states stable in a larger doping
range. This physical argument is in fact proven by Demazeau et al [7] from their analysis
on neutron diffraction and magnetic moment measurement on LaSrCoO4; they found that the
low-spin and high-spin cobalt ions are in a 1:1 ratio at the low temperature, while all the Co ions
are in a high-spin configuration at the high temperature. Note that experiments measure the
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Figure 4. The density of states of the HS–LS-FM ordered state at x = 1.0. (a) total DOS, (b) the
PDOS for high-spin Co-d, (c) PDOS for low-spin Co-d and (d) PDOS for O-p.

effective magnetic moment while our study calculates the z-components of magnetic moments,

the relationship between these two quantities being approximately given by µeff =
√

s+1
s
µz.

We wish to point out that although the orthorhombic distortion of La2−xSrxCoO4 is neglected
in our calculation, it will only slightly affect the numerical results because the orthorhombic
distortion diminishes rapidly as Sr content increases and almost disappears beyond x = 0.5
[16].

4. Conclusion

In summary, we have studied the effect of Sr doping on the magnetic and electronic properties
of layered perovskite La2CoO4. Within the unrestricted Hartree–Fock approximation of the
multiband d-p model and real space recursion method, we calculated the various spin-ordered
states from the initially different configurations of Co+2 of La2CoO4. It was found that three
spin-ordered states are stable in doping range 0 < x < 1.1 we studied; they are in the HS-
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AFM ordered state for 0 < x < 0.39, the HS-FM ordered state for 0.39 � x < 0.52, and
the HS–LS-FM ordered state for 0.52 � x < 1.1. The doping dependence of the magnetic
moment we obtained is in an overall agreement with the experimental measurement.
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