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In this Brief Report, the electronic and magnetic structures of the bilayer Ruddlesden-Popper compounds,
La2−2xSr1+2xMn2O7 �0.0�x�1.0�, have been investigated using the unrestricted Hartree-Fock approximation
and the real-space recursion method. Various ground states are found as a function of Sr doping which reveal
an interesting interplay between spin and orbital degrees of freedom. The undoped La2Sr1Mn2O7 takes the
A-type antiferromagnetic ground state with d3x2−r2 /d3y2−r2 orbital ordering. As doping increases, the ground
state of system takes consecutively the ferromagnetic state with d3x2−r2 /d3y2−r2 orbital ordering �0.01�x
�0.23�, the ferromagnetic state with dx2−y2 orbital ordering �0.23�x�0.34�, the A-type antiferromagnetic
state with dx2−y2 orbital ordering �0.34�x�0.86�, the C-type antiferromagnetic state with dx2−y2 orbital order-
ing �0.86�x�0.92�, and finally the G-type antiferromagnetic state with d3z2−r2 orbital ordering
�0.92�x�1�.

DOI: 10.1103/PhysRevB.72.142401 PACS number�s�: 75.25.�z, 75.47.Gk

The discovery of collosal magnetoresistance �CMR� in
doped LaMnO3 compound has revived our interest in prop-
erties of perovskite oxides.1–3 Recent studies show that CMR
effect4–6 not only occurs in the cubic structured
La1−xSrxMnO3 compounds, but also widely appears in other
types of manganites. In particular, the n=2 member of
the Ruddlesden-Popper series of manganites,
La2−2xSr1+2xMn2O7,7 demonstrates excellent low field CMR
effect due to its quasi-two-dimensional nature. In
La2−2xSr1+2xMn2O7 perovskite, �La,Sr�MnO3 bilayers are
stacked between �La, Sr�O blocking layers. The system
forms natural quasi-two-dimensional tunneling structures as
opposed to the heterostructures obtained by thin film
deposition.8,9 The crystal structure and magnetic phase dia-
gram have been investigated using x-ray diffraction and neu-
tron diffraction by many research groups for various doping
range.7,10–16. Among others, Kimura et al.10 found that the
bilayered La2−2xSr1+2xMn2O7 system is a ferromagnetic
metal at narrow doping range 0.32�x�0.40; Ling et al.11

determined the magnetic phase diagram at large doping
range and a similar trend to the cubic structured perovskite is
observed. The doped bilayer perovskite takes the A-type an-
tiferromagnetic state for doping concentration 0.5�x�0.66,
the C-type antiferromagnetic state for 0.75�x�0.9, and the
G-type antiferromagnetic state for 0.9�x�1. Some theoret-
ical studies have also been carried out on the bilayered per-
ovskites, but they are mainly concentrated on the range
around x�0.5.12,13 Thus, there is still a much unexplored
region across the whole doping range. Also, the correlation
between spin, charge, and orbital orderings remains to be
investigated.

To achieve a better physical understanding of the mag-
netic and orbital properties of La2−2xSr1+2xMn2O7 com-
pounds, we have studied various possible metastable states
of La2−2xSr1+2xMn2O7 as a function of Sr doping. Six of them
turn out to be metastable and are schematically drawn in Fig.
1. Most importantly, the electronic correlations and Jahn-
Teller interaction are treated on equal footing in our study.
The three different types of nearest neighbor in-plane orbital

orderings, i.e., d3x2−r2 /d3y2−r2, d3z2−r2, and dx2−y2, are taken
into account in all magnetically ordered states. The detailed
analysis of these metastable states suggested that as a func-
tion of doping, the ground state of La2−2xSr1+2xMn2O7 takes
consecutively the A-type antiferromagnetic state with
d3x2−r2 /d3y2−r2 orbital ordering �x=0�, the ferromagnetic
�FM� state with d3x2−r2 /d3y2−r2 orbital ordering �0.01�x
�0.23�, the ferromagnetic state with dx2−y2 orbital ordering
�0.23�x�0.34�, the A-type antiferromagnetic state with
dx2−y2 orbital ordering �0.34�x�0.86�, the C-type antiferro-
magnetic state with dx2−y2 orbital ordering �0.86�x�0.92�,

FIG. 1. Schematic diagram for various magnetic states of
La2−2xSr1+2xMn2O7 considered in this paper. �a� AFM state, �b� FM
state, �c� A-type state, �d� A-AFM state, �e� C-type state, �f� G-type
state. Arrows represent the moments of manganese ions.
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and the G-type antiferromagnetic state with d3z2−r2 orbital
ordering �0.92�x�1�. These results are in agreement with
the available experimental observations.

To address the various ordering phenomena in the bilayer
perovskite, we combine the multiband d-p Hamiltonian He
with the generalized Jahn-Teller coupling term HJT. He has
the following form:17
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dim� and pjn� denote the annihilation operators for an elec-
tron of spin � on Mn-dm orbital at site i and O-pn orbital at
site j, respectively. �dm

0 and �p are their corresponding on-site
energies. The splitting of Mn-d orbitals within the octahedra
are included in the on-site energy via �d

0�eg�=�d
0+6Dq,
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0−4Dq, �d
0 is the bare on-site energy of the d orbit-

als, and 10Dq is the crystal-field splitting. tij
mn and tij

nn� are the
nearest neighbor hopping integrals for p-d and p-p, which
are expressed in terms of Slater-Koster parameters �pd��,
�pd��, �pp��, and �pp��. Sim

d is the total spin operator of the
Mn ion extracting the spin operator in orbital m. The param-
eter JH is the Hund’s coupling constant, ũ=u−5JH /2, and u
is related to the multiplet averaged d-d Coulomb interaction
U via u=U+ �20/9�JH. JS is the superexchange coupling
among the neighboring localized t2g moments, which was
estimated by Feiner and Oleś for the insulating LaMnO3.18

The generalized Jahn-Teller coupling term for the
d-orbitals at octahedral sites reads19
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Here Q1, Q2, and Q3 are the three Jahn-Teller distortion
modes. Q1 is the breathing mode, Q2 and Q3 modes are the
vibration modes.20 g1 and g2 are the coupling strengths.19 For
the volume conserving modes Q2 and Q3, a Jahn-Teller angle
can be defined Q2=Q sin � and Q3=Q cos �; then �=0,
2� /3, −2� /3 correspond to the Jahn-Teller distortion axis
along the c, a, and b axes.

The above equation set can be solved within the unre-
stricted Hartree-Fock approximation and real-space recursion
method.19,21,22 In order to investigate all possible magnetic
states of La2−2xSr1+2xMn2O7, we have considered various or-
dered states of an enlarged octuple cell of La2−2xSr1+2xMn2O7
and computed 31 levels for each of the 248 independent
orbitals. Our results have been checked for different levels to
secure an energy accuracy better than 5 meV.

The parameter set used in our numerical calculations is
deduced from the cluster model analysis of the photoemis-
sion spectra17 and from those of the well-studied cubic struc-
tured LaMnO3 compound. In this paper, the bare on-site en-
ergies of Mn-d and O-p orbitals are taken as �d

0=−13.0 eV
and �p=0 eV. We choose the crystal-field splitting energy
10Dq=1 eV, the on-site Coulomb repulsion and Hund’s cou-
pling constant are set at U=5.0 eV and JH=0.8 eV. The su-
perexchange coupling between the nearest neighbor local-
ized t2g spins is chosen as JS=0.005 eV.18 The Slater-Koster
parameters are estimated from those of LaMnO3 using the
well-known scaling relations,23 the average bond lengths
listed in Ref. 14, and the Slater-Koster parameters of
LaMnO3��pd��=−2.0 eV, �pd��=0.922 eV, �pp��=0.6 eV
and �pp��=−0.15 eV�. In order to check the importance of
the Jahn-Teller effect, three types of Jahn-Teller distortion
modes are considered in our numerical calculation:
�−2� /3 ,2� /3�, �0, 0�, and �� ,�� modes, respectively. The �
and 	 in �� ,	� mode represent the Jahn-Teller angles for the
nearest neighbor octahedral sites. The corresponding orbital
orderings are �d3x2−r2 ,d3y2−r2�, �d3z2−r2 ,d3z2−r2�, and
�dx2−y2 ,dx2−y2�, respectively. Note that all the Jahn-Teller
modes discussed above conserve the cell volume and we use
the magnitude of Jahn-Teller distortion Q=3.0%. The
electron-phonon coupling constants are estimated assuming
Z=1.5.19

With the parameter set given above, we have studied the
electronic structures of various spin states with different or-
bital orderings. Because of the strong coupling within the
bilayers and very weak coupling between the bilayers, the
AFM state �Fig. 1�a�� and the FM state �Fig. 1�b�� are very
close in energy in the whole doping range, as are the A-type
state �Fig. 1�c�� and the A-AFM state �Fig. 1�d��. Below, we
concentrate on the states illustrated in Figs. 1�b�, 1�c�, 1�e�,
and 1�f� since they are the only states which become the
ground state in some of the doping range. For each state, we
consider three different types of orbital ordering; there are
twelve states in total. The relative energies of these twelve
states as a function of doping are plotted in Fig. 2 with re-
spect to that of the FM state with d3z2−r2 orbital ordering. Our
results show that the first magnetic transition takes place be-
tween the A-type AFM state and the FM state at doping
concentration x=0.01 and the nearest neighbor orbital order-
ings of both states take the form of d3x2−r2 /d3y2−r2 pattern. As
doping concentration increases to x=0.23, the magnetic state
remains the FM state but the orbital ordering is replaced by
dx2−y2. As the doping concentration increases to x=0.34, the
A-type AFM state becomes the ground state again but the
orbital ordering remains dx2−y2. When the doping concentra-
tion increases to x=0.86, the C-type AFM state takes place
and the orbital ordering keeps the same. The G-type AFM
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state becomes the ground state only when doping concentra-
tion x
0.92 and the d3z2−r2 orbital ordering becomes domi-
nant. In the following, the electronic, magnetic, as well as
orbital properties of these possible ground states are dis-
cussed briefly.

The first state we are going to present is the A-type AFM
state of La2SrMn2O7. Similar to the A-type AFM state of
LaMnO3, this state is unstable in the absence of Jahn-Teller
distortion. However, a sizable Jahn-Teller distortion lifts the
degeneracy of two eg orbitals, the antiferro-orbital ordering
�d3x2−r2 /d3y2−r2� favors the in-plane double exchange mecha-
nism and makes this state stable. The total density of states
�TDOS� of A-type AFM state is shown in Fig. 3�a�. Consis-
tent with the insulator property observed in experiments,
Fermi energy �EF=0� is located in the band gap. The analy-
sis of partial densities of states �PDOS� reveals that double
peaks around ±4 eV are contributed by the localized t2g or-
bitals due to exchange field and orbital ordering. The density
of states �DOS� immediately above and below the Fermi
energy comes from the more itinerant eg orbitals. Oxygen O-
p orbitals are almost full and their DOS lies far below the
Fermi energy �−12 eV, 6 eV�. The occupancy of the d bands
is nd=4.503, which is larger than 4 due to the charge transfer
from O-p to Mn-d orbitals. The corresponding magnetic mo-
ment is �d=3.95�B.

For a small to moderate doping concentration 0.01�x
�0.23, the A-type AFM ground state is replaced by the FM
ground state. The ferromagnetic state has the d3x2−r2 /d3y2−r2

orbital so that the double exchange mechanism is effective
for the extra electrons in eg orbitals and the system’s kinetic
energy is minimized. The total densities of states for doping
concentration x=0.1 are plotted in Fig. 3�b�. It is found that
there is a small but finite density of states at Fermi energy
�EF=0� and the system becomes metallic. The spectral posi-
tions of Mn-d-t2g orbitals remains the same since the ex-
change field is not much affected, as well as the O-p orbitals,
though they are slightly polarized due to the small induced
moment. The dramatic change takes place for the eg-orbital
related bands; they are significantly broadened due to in-
creased itineracy after doping. In agreement with experi-

ment, compounds in a ferromagnetic state show a half-metal
feature and only one of the polarized bands crosses the Fermi
energy. The electron occupancy is nd=4.45, the correspond-
ing magnetic moment is �d=3.89�B.

As doping increases further to the range 0.23�x�0.34,
the ground state of the system remains a FM state but the
orbital ordering changes to a dx2−y2 pattern. As indicated in
Fig. 3�c�, eg-orbital electrons become more itinerant and
form broader bands in the range near Fermi energy. The
TDOS resemble that of Fig. 3�b� and Fermi energy moves
further down into the valence band. This state also possesses
the half-metal feature with fully polarized DOS at the Fermi
energy. The electron occupancy and magnetic moment are
nd=4.35 and �d=3.73�B, respectively. When 0.34�x
�0.86, the A-type antiferromagnetic state replaces the FM
state as the ground state of the system. However, the orbital
ordering still keeps the dx2−y2 pattern as was observed in the
magnetic Compton profile.11,15 Its TDOS �Fig. 3�d�� is quite
similar to that shown in Fig. 3�a� except that the band gap is
very much reduced and this state is a metallic antiferromag-
net. Due to the antiferromagnetic ordering, the t2g related
bands are more localized than ferromagnetic state, but the eg
related bands are even more extended across the whole re-
gion of Fermi energy. The electron occupancy is nd=4.26
and magnetic moment is �d=3.58�B.

When more and more La are substituted by Sr, more elec-
trons in the eg orbitals are removed from system. This sub-

FIG. 2. The doping dependence of relative energies E� per oc-
tuple cell. The energy is plotted with respect to that of the FM state
with the d3z2−r2 orbital ordering, twelve spin and orbital ordered
states are shown. Other parameters are described in the text.

FIG. 3. The total densities of states of six ground states. �a�
A-type AFM �d3x2−r2 /d3y2−r2� at x=0; �b� FM �d3x2−r2 /d3y2−r2� at x
=0.1; �c� FM �dx2−y2� at x=0.3; �d� A-type AFM �dx2−y2� at x=0.5;
�e� C-type AFM �dx2−y2� at x=0.9; �f� G-type AFM �d3z2−r2� at x
=1. Other parameters are described in the text.
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stitution dramatically prohibits the ferromagnetic coupling
between Mn ions coming from the double exchange, and a
superexchange interaction between the localized t2g orbitals
becomes dominant. Following this trend, at the very large
doping range 0.86�x�0.92, the doped bilayer perovskite
takes the C-type antiferromagnetic state with dx2−y2 orbital
ordering. The TDOS shown in Fig. 3�e� suggests that the
compound is still a metal from the band picture, the electron
occupancy is nd=4.04, and magnetic moment is �d
=3.20�B. As the doping concentration approaches 1, the
ground state of La2−2xSr1+2xMn2O7 is replaced by the G-type
AFM, which was originally proposed by Mitchell et al..16

The orbital ordering is dominated by the d3z2−r2 pattern,
TDOS at x=1 is shown in Fig. 3�f�. Unlike all other states
presented previously, the nearest neighbor antiferromagnetic
state is magnetically modulated along all crystal axes, and
such modulation causes band folding and reduced band
widths. As is evident from Fig. 3�f�, this state is an insulator
with a large band gap. The electron occupancy is nd=3.98
and the corresponding magnetic moment is �d=3.09�B.

In summary, we have studied in this paper the spin and
orbital orderings of various magnetic ground states of
La2−2xSr1+2xMn2O7 as a function of doping. Our results show
that the A-type AFM insulator of the undoped parent
La2Sr1Mn2O7 compound is stabilized by the Jahn-Teller dis-
tortion. As doping increases, the ground state of
La2−2xSr1+2xMn2O7 takes consecutively the FM state with
d3x2−r2 /d3y2−r2 orbital ordering, the FM state with dx2−y2 or-
bital ordering, the A-type AFM state with dx2−y2 orbital or-
dering, the C-type AFM state with dx2−y2 orbital ordering,
and finally the G-type AFM state with d3z2−r2 orbital
ordering.
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