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Spin-charge-orbital ordered structures in doped layered manganites are investigated using an orbitaldegenerate double-exchange model tightly coupled to Jahn-Teller distortions. In the ferromagnetic phase,
unexpected diagonal stripes at x 苷 1兾m (m 苷 integer) are observed, as in recent experiments. These
stripes are induced by the orbital degree of freedom, which forms a staggered pattern in the background.
A p shift in the orbital order across stripes is identified, analogous to the p shift in spin order across
stripes in cuprates. At x 苷 1兾4 and 1兾3, another nonmagnetic phase with diagonal static charge stripes
is stabilized at intermediate values of the t2g -spins exchange coupling.
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puzzling since stripes in cuprates are associated with the
creation of rivers of holes to avoid having the individual
charges “fighting” against the antiferromagnetic (AFM)
background. Thus in a FM state, where hole movement
appears optimal, charge is naively not expected to form
stripes, in contradiction with experiments.
In order to understand this puzzling complex problem,
in this Letter the two-dimensional (2D) double-exchange
(DE) model coupled to Jahn-Teller (JT) phonons is
investigated using unbiased computational techniques.
This model has been already successful in reproducing the
A-type AFM state at x 苷 0 [7], the CE state at x 苷 0.5
[8], and the complex structure of the x . 0.5 regime [9], as
observed in experiments. However, a state as exotic as containing stripes in a ferromagnetic background has not been
reported until now. The present effort focuses on the properties of 2D systems, since (i) studies in three-dimensional
(3D) cases are technically far more complex, and (ii) stripe
structures identified experimentally in bilayer and 3D manganites are here observed in 2D systems as well. Our main
result is the stabilization of FM states with stripe order
at x 苷 1兾m (m 苷 integer), a surprising result whose
origin lies in the concomitant orbital order.
Regarding single-layered manganites La12x Sr11x MnO4 ,
the undoped compound is AFM [10], while at x ⬃ 0.5 a
CE-type AFM CO phase has been identified [11]. However, for 0.0 , x , 0.5, a complex “spin glass” behavior
has been experimentally observed [12], indicating that the
2D ground-state properties are basically unknown. Our
results below also indicate that stripe states with CE-like
AFM characteristics may exist at x 苷 1兾4 and 1兾3, and
they could be important for the physics of single-layered
compounds in non-FM regimes.
The Hamiltonian studied here is

Manganese oxides are currently attracting considerable
attention [1], due to the complex interplay among spin,
charge, and orbital degrees of freedom, which induces a
rich phase diagram as well as colossal magnetoresistant
(CMR) properties. There are clearly two types of dominant states in these compounds. For example, in perovskite manganites such as La12x Cax MnO3 , in the region
0.22 , x , 0.5 a ferromagnetic (FM) metallic phase is
the ground state at low temperature. On the other hand, at
x . 0.5, a charge-orbital-spin ordered state is stabilized.
The competition between these two states is at the heart of
recent theories that explain the CMR effect in manganites
as arising from mixed-phase tendencies [2].
This two-phase metal-insulator competition and concomitant large MR effect occurs also at the Curie temperature TC , at densities where a FM phase exists at low
temperature. Several experiments have clearly revealed
the mixed-phase characteristics of manganites near TC [3].
While it is natural to assume that one of the competing
phases is FM metallic, the properties of the insulating
phase are still unknown. Recently, considerable progress
has been made in this context. Just above TC evidence
for the existence of short-range stripelike charge ordering has been obtained with neutron diffraction and x-ray
scattering studies. For La12x Cax MnO3 [4], “diagonal”
stripes, i.e., charge ordering (CO) along the 共1, 1, 0兲 direction [5], appear for 0.2 & x & 0.3, while for x , 0.2,
“bond” stripes, i.e., CO along the 共1, 0, 0兲 or 共0, 1, 0兲 direction, have been revealed. For La222x Sr112x Mn2 O7 [6],
short-range bond stripes have been detected in the wide
range 0.3 # x # 0.5. These results lead to the intriguing possibility that the insulating phase that contributes to
the CMR near TC may also be FM but with striped features, a remarkable novel result. Such a state would be
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where dias 共dibs 兲 is the annihilation operator for an eg
electron with spin s in the dx 2 2y 2 共d3z 2 2r 2 兲 orbital at site i,
and a is the vector connecting nearest-neighbor (NN) sites.
The first term represents the NN hopping of eg electrons
a
0
0 between g and g orbitals along
with the amplitude tgg
p x
p x
x
x
the a direction (taa 苷 p
3tbb
苷1
2 3 tab 苷
p 2y 3 tba 苷
y
y
y
for a 苷 x and taa 苷 3 tab 苷 3 tba 苷 3tbb 苷 1 for
x
energy units). In the second term, the
a 苷 y, in taa
Hund coupling JH 共.0兲 links eg electrons with spin
P
y
si 苷 gab diga sab digb (s are the Pauli matrices)
with the localized t2g spin Si , assumed classical and
normalized to jSi j 苷 1. The third term is the AFM
coupling JAF between NN t2g spins [13]. The fourth term
couples eg electrons and MnO6 octahedra distortions,
l is the dimensionless coupling constant, Q1i is the
breathing-mode distortion, Q2i and Q3i are, respectively,
共x 2 2 y 2 兲- and 共3z 2 2 r 2 兲-type JT-mode distortions,
P
P
y
y
y
ri 苷 g,s digs digs , txi 苷 s 共dias dibs 1 dibs dias 兲,
P
y
y
and tzi 苷 s 共dias dias 2 dibs dibs 兲. The fifth term
is the potential for distortions, where b is the ratio of
spring constants for breathing and JT modes, treated here
adiabatically [14].
First let us clarify the charge and orbital structure in
the FM phase, the main issue of this paper. If lattice distortions are not correlated in different sites, holes will be
simply distributed as uniformly as they can to lower the
ground state energy. Namely, the stabilization of charge
inhomogeneous structure such as stripes in the FM phase
requires a proper treatment of the cooperative JT effect.
A simple way to include such an effect is to optimize the
displacement of oxygen ions uai along the a axis at site i,
instead of local distortions [15]. Results at large l for the
FM phase are shown in Fig. 1. Using relaxation techniques
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FIG. 1. Orbital arrangement in the CO FM phase at (a) x 苷
1兾2, (b) 1兾3, and (c) 1兾4 with l 苷 2.0. The charge density in
the lower-energy orbital is shown, with the size of the orbital
being in proportion to this density. (d) Total density of states vs
energy for x 苷 1兾3 and l 苷 2.0.
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to optimize 兵u其’s, diagonal stripes can be clearly observed
even in a spin FM regime, a surprising result. The key ingredient to understanding the presence of stripes in a spin
magnetized phase is the presence of the concomitant staggered orbital order. Individual holes doped into the x 苷 0
FM orbital-ordered (OO) state produce a distortion of the
ordered background. This energy lost is minimized if holes
share the distorted regions, forming complex patterns such
as stripes. A similar reasoning is usually applied to the rationalization of stripe formation in nickelates and cuprates
[16], with the important conceptual difference that in those
compounds the background in which the stripes are created
is spin AFM, i.e., the real spin is active, while in the present
study the spin is FM and the orbital background is active.
If the orbital degree of freedom is associated to a “pseudospin” up and down, then an analogy between manganites
and nickelates/cuprates can be established, replacing the
real spin of the latter by the orbital degree of freedom of
the former. In fact, with this analogy the pseudospin and
charge structure at x 苷 1兾4 [Fig. 1(c)] becomes the same
as the real-spin and charge stripe structure of hole-doped
La2 NiO4 , at the same hole density [17]. In the stripe phase,
a gap of the order of the JT energy opens around the Fermi
level [see Fig. 1(d)]. Thus, “pseudogap” features may be
expected as precursors for stripe formation even at high
temperatures such as TC .
Note that the stable charge-orbital stripes with the arrangement of Fig. 1 can appear when the distance d between diagonal hole arrays is equal to ma0 , where m is an
integer and a0 is the lattice constant along the a axis. Since
d 苷 a0 兾x from Fig. 1, x should be equal to 1兾m for the
appearance of stable diagonal charge stripes. For 1兾共m 1
1兲 , x , 1兾m, it seems possible (but at this early stage
it is a conjecture) that a mixed phase of two chargeorbital ordered states with x 苷 1兾共m 1 1兲 and 1兾m appears, consistent with the phase separation scenario [2]
and also with recent synchrotron x-ray scattering measurements [18]. Based on this scenario, the charge ordering observed in experiments at x ⬃ 0.3 in the FM
regime may be understood as a mixture of diagonal stripes
at x 苷 1兾4 and 1兾3 [Figs. 1(b) and 1(c)], if those patterns are assumed to be stacked along the z axis due to
the influence of JAF , a reasonable assumption based on
previous x 苷 0.5 calculations
[8]. In the orbital correlaP
tion function T z 共q兲 苷 i,j eiq?共i2j兲 具tzi tzj 典, peaks appear
at 共p 6 dm , p 6 dm 兲 with dm 苷 共1 2 2兾m兲p. The deviation from 共p, p兲 for m . 2 is caused by a p shift in
the orbital order across the stripe (Fig. 1), and it can be
informally referred to as “orbital incommensurability” by
analogy to the spin incommensurability found in cuprates
and nickelates. It is important to remark that the present
idealized charge stripes will likely be destabilized by thermal and/or quantum fluctuations. Thus, in actual materials, it is expected that the stripes will be dynamical as
in cuprates and only vestiges of stripes may be detected
[19], together with pseudogap features, consistent with the
phase separation tendency for 1兾共m 1 1兲 , x , 1兾m.
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Now let us consider the charge-orbital structure in the
AFM phase by using noncooperative JT phonons. This
will allow us to report yet another striped state which could
be observed experimentally, this time with an overall zero
magnetization. As found at x 苷 1兾2 [8], the AFM phase
such as CE-type state is not sensitive to the JT phonons
treatment, since there exists a strong constraint due to the
DE mechanism for the eg electron kinetic motion, masking differences in the character of JT phonons. Note,
however, that both the local lattice distortion and t2g spin
direction should be determined independently at each site
by optimizing the total energy. Using relaxation techniques to optimize 兵Q其’s and 兵S其’s at fixed electronic density [20], the phase diagram at x 苷 1兾4 has been here
obtained [Fig. 2(a)]. Its overall features can be understood
from the competition between the eg electron kinetic energy and magnetic energy of t2g spins regulated by JAF . At
small JAF the system becomes FM to improve hole movement, and a metal-insulator transition occurs at a critical
value of l, separating FM CO and FM charge-disordered
(CD) states. In the other limit of large JAF , an AFM phase
is stabilized since the magnetic energy among t2g spins
dominates. The most interesting result of Fig. 2(a) is
that at intermediate values of JAF , a novel spin-ordered
state analogous to the CE-type phase at x 苷 1兾2 has been
found. The complex optimized spin pattern is shown in
Fig. 2(b). A similar CE-like spin arrangement is also
found at x 苷 1兾3 [see Fig. 2(c)] [21]. These configurations are here called the “zigzag” AFM (Z-AFM) states,
since t2g spins form one-dimensional (1D) zigzag paths
where eg kinetic energy is gained, stacking with antiparallel spins in the direction perpendicular to those paths to
gain magnetic energy. Since this Z-AFM phase can take

partial advantage of both energies, it is reasonable that it
is stabilized in between the FM and AFM phases.
Consider now the charge and orbital structures of the
phases in Fig. 2(a). In the FM phase, for the values of l
investigated, an OO phase appears (not shown), irrespective of the charge structure. As mentioned above, for noncooperative JT phonons, holes are distributed uniformly to
lower the ground state energy, compatible with the concomitant orbital order. In the Z-AFM phase, the chargeorbital arrangements for large l are schematically shown in
Figs. 3(a) and 3(b) for x 苷 1兾4 and 1兾3, respectively. The
local charge density is found to be constant along the diagonal directions denoted by the broken lines in Fig. 3(a).
This result indicates a tendency toward the formation of
diagonal charge stripes in the Z-AFM phase for x 苷 1兾3
and 1兾4. In Fig. 3(c), the local charge densities on the diagonal lines, n共d1 兲, n共d2 兲, and n共d3 兲, are shown vs l. At
small l, diagonal charge stripes are observed, concomitant
with a peak around q 苷 共p兾2, p兾2兲 in the charge correlation function n共q兲 [22]. On the other hand, at large
l, n共d3 兲 is very small, while n共d1 兲 and n共d2 兲 are almost
unity. Namely, holes are mainly located along the line d3 ,
indicating the formation of a clear diagonal charge stripe
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FIG. 2. (a) Zero-temperature phase diagram at x 苷 1兾4 and
large JH (see text for notation). The metallic FM-CD and insulating FM-CO boundary is obtained monitoring the average
JT distortions with increasing l. (b) Ground-state spin pattern
on an 8 3 8 cluster for intermediate values of JAF at x 苷 1兾4
[Z-AFM phase in (a)]. Open and solid arrows indicate up and
down spins, respectively. (c) Spin arrangement on the 6 3 6
cluster in the Z-AFM regime at x 苷 1兾3.

4924

21 MAY 2001

FIG. 3. (a) Schematic view of spin-charge-orbital ordering in
the Z-AFM phase at large l and x 苷 1兾4. Open and solid
symbols indicate up and down t2g spins, respectively. The lobes
indicate d3x 2 2r 2 or d3y 2 2r 2 orbitals in the Mn31 site, and the
small circles denote the hole sites in which the dx 2 2y 2 orbital
is occupied by a tiny amount of charge. (b) Same as (a), but
for x 苷 1兾3. (c) Charge densities [see (a)] vs l at x 苷 1兾4
in the Z-AFM, where results at a given l are JAF independent.
(d) Energies of several paths for x 苷 1兾4, l 苷 0, and JAF 苷
0.25 in the Z-AFM regime (see text for notation).
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pattern [see Fig. 3(a)], and the intensity of the 共p兾2, p兾2兲
peak in n共q兲 becomes larger than at small l. Note that in
the Z-AFM phase the eg electron motion is restricted to
the 1D zigzag FM chains due to large JH . When a finite
electron-lattice coupling is introduced in this 1D system,
a Peierls instability should occur, leading to a chargedensity-wave state. Since in the Z-AFM phase the same
chain is simply stacked along the diagonal direction in the
x-y plane, diagonal charge stripes occur naturally.
To understand the shape of the zigzag chain [Fig. 2(b)],
consider the limit of l 苷 0 [8,9]. Even without phonons,
by straightforward diagonalization it can be shown that the
zigzag chains have a spectra corresponding to a band insulator due to the periodic changes in hopping amplitudes
y
x
along zigzag chains (tab
苷 2tab ), which induce gaps in
the energy spectra [9]. At x 苷 1兾4, there are nine independent possible types of zigzag chains on an 8 3 8 lattice with periodic boundary conditions. Let us label these
zigzag chains using “bits,” 0 and 1, representing the x
and y directions, respectively. The nine possible configurations are in Fig. 3(d). The zigzag chain of Fig. 2(b) is
given by the periodic sequence “00101101,” and its energy is the lowest among the possible candidates, since it
provides the largest band gap. When the electron-phonon
interaction is adiabatically switched on, it is reasonable
that the AFM phase Fig. 2(b) would still be stable for a
finite l range. Note that in Fig. 3(d), excited states characterized by other zigzag paths have small excitation enx
ergies, such as 0.001 ⬃ 0.01 in units of taa
. Thus, at
temperatures as low as a few degrees kelvin the ground
state Fig. 2(b) can be easily distorted into other zigzag
spin patterns. This fragility of the ground state may be related with the “spin glass” features observed in single-layer
experiments [12], leading to an overall orbital disordered
state. However, note that seven of the nine competing
states, as well as the Z-AFM phase, have diagonal stripes.
Then, even in a mixture of these states, the stripe direction is not random. Thus, it is possible that indications of
diagonal charge stripes may be present in the “spin glass”
phase of single-layer manganites.
In summary, novel striped charge-orbital ordering has
been found in realistic models for manganites. Diagonal stripes in the FM phase have been observed at densities x 苷 1兾m, with m an integer, and also in the CE-like
Z-AFM phase. The orbital degree of freedom orders in a
x 苷 0 staggered pattern in between the stripes, playing a
key role in stabilizing these structures, similarly as the real
spin does for stripes in nickelates and cuprates. Our results
have implications for the recently discovered short-range
charge ordering effects in neutron scattering experiments,
as well as for future experiments, particularly involving
layered manganites.
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