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Abstract
We have performed noncollinear first-principles density-functional calculations of carrier-doped
perovskite manganites La1−x SrxMnO3 (0.0 � x � 1.0). In the calculated magnetic phase
diagram (T = 0) within the collinear magnetic configurations, ferromagnetic and several
antiferromagnetic configurations successively appeared as a ground state with increasing x . The
calculated total energies of the ferromagnetic and A-type antiferromagnetic phases are almost
degenerate around the phase boundary, x = 0.5. We found that the noncollinear magnetic
configurations are stable in a wide range of carrier concentrations 0.3 � x � 0.6. We discuss
the effect of lattice distortions on the stability of the noncollinear magnetic phase.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Perovskite manganites La1−x SrxMnO3 (LSMO) exhibit novel
physical properties such as colossal magnetoresistance [1] and
half-metallicity [2]. These novel physical properties originate
from a variety of magnetic configurations in LSMO such
as ferromagnetic (FM), A-type (interplane antiferromagnetic
(AFM) and intraplane FM orders), C-type (interplane FM
and intraplane AFM orders) and G-type (interplane AFM and
intraplane AFM orders) AFM states (see figure 1(a)). These
magnetic states are controlled by the carrier concentrations
and lattice distortions in LSMO [3, 4]. An experimental study
revealed that the magnetic phase changes as AFM-A → FM →
AFM-A → AFM-C → AFM-G states with increasing carrier
concentrations in LSMO [5].

The magnetic states around the phase boundary in carrier-
doped manganite have been extensively discussed on the
basis of the long-range ordered noncollinear spin-canting
magnetic (SCM) states or the coexistence of AFM and FM
states, i.e., phase separation. While the SCM state was
suggested as a possible ground state with competition between
magnetic interactions [6–8], the FM–AFM phase separation
was also suggested as a stable phase by an experimental

study and model calculations [9–11]. Despite the extensive
studies on the magnetic state around the phase boundary, the
issue remains unresolved. Similar problems are encountered
in the interface of artificial superlattices [12–14] such as
(LaMnO3)m/(SrMnO3)n where inhomogeneous carriers are
introduced. In order to design magnetic states in the
artificial superlattice, a detailed systematic study of the carrier
dependence of magnetism in LSMO is of great importance.

In this study, we have performed noncollinear first-
principles density-functional calculations on the carrier-doped
perovskite manganites LSMO and clarified the possibility of
carrier-induced noncollinear magnetism. The noncollinear
magnetic states are stable around the region of half-doping
carrier concentrations. We discuss the effect of lattice
distortion on the stability of noncollinear magnetism.

2. Computational methods

We have performed first-principles calculations on La1−x Srx

MnO3 (0.0 � x � 1.0) by the noncollinear density-
functional theory (DFT) [15, 16]. A generalized gradient
approximation (GGA) [17] is adopted to determine the
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Figure 1. (a) The collinear magnetic structures of La1−x Srx MnO3. (b) The total energy difference per Mn atom from the stable state as a
function of x . The red squares, green circles, blue triangles and pink diamonds denote the FM, AFM-A, AFM-C and AFM-G states,
respectively. The lines serve as a visual reference.

exchange–correlation potential after the diagonalization of the
noncollinear spin-density matrix. The norm-conserving pseu-
dopotential method [18] with a partial core correction [19] is
used and wavefunctions are expanded by a linear combination
of multiple pseudo-atomic orbitals (LCPAO) [20, 21]. Three
valence orbitals (s, p and d orbitals) along with the polarization
orbital (f orbital) for La atoms, three valence orbitals (s, p and
d orbitals) without the polarization orbital (f orbital) for Mn
atoms and two valence orbitals (s and p orbitals) without the
polarization orbital (d orbital) for O atoms are used as a basis
set. The k-point sampling of a uniform mesh 6 × 6 × 4 is used.
The total energy difference between the FM and the AFM-A
states converged within 2.2 meV/Mn for the k-point sampling.
We neglected the spin–orbit interactions in all calculations.
The calculations were done for a four-formula unit cell,
i.e. 20 atoms in the unit cell. Hole carrier doping x is performed
by a shift in the Fermi level and a uniform background
charge is introduced to balance the charge neutrality of the
system. Noncollinear spin orientations are fixed by using
constrained DFT, where the penalty functions are introduced
in the total energy functional [22, 23]. All the above
methods are implemented in OPENMX code [24]. In order to
check the reliability of the pseudopotentials and convergence
of LCPAOs, we confirmed that our calculated magnetic
ground state in LaMnO3 is consistent with previous results
calculated by the all-electron full-potential linear augmented
plane wave (FLAPW) method [25]. The pseudopotential
method with LCPAO has also been successfully applied to Mn
clusters [26, 27] and bulk transition metal oxides [28, 29]. We
use the atomic coordinates of orthorhombic LaMnO3 (x = 0.0)
and the cubic SrMnO3 (x = 1.0) determined by experimental
studies [30, 31]. In the region of 0.0 < x < 1.0, we assumed
that the lattice structure is continuously changed from LaMnO3

to SrMnO3.

3. Results

3.1. Stability of collinear magnetic states in La1−x Srx MnO3

We study the stability of the collinear magnetic states in
LSMO. The calculated collinear magnetic states are the FM,
AFM-A, AFM-C and AFM-G states (figure 1(a)). Figure 1(b)
shows the total energy difference per Mn atom from the stable
state as a function of x . In the case of x = 0.0 and 0.5 �
x < 0.8, the AFM-A state becomes stable. The FM state
becomes stable in the region of 0.1 � x < 0.5. The AFM-
C state becomes stable around x = 0.8. The AFM-G state
becomes stable in the region of 0.8 < x � 1.0. The AFM
order becomes favorable with increasing x in the region of
0.5 � x � 1.0. This result is consistent with the previous
theoretical and experimental studies [4, 5].

3.2. Noncollinear magnetism in La1−x Srx MnO3

We extended the calculation of magnetic states for noncollinear
configurations, as shown in figure 2(a). In figure 1, x = 0.5 is
the carrier concentration at which the total energies of the FM
and AFM-A states are nearly degenerate within 1.0 meV/Mn.
Figure 2(b) indicates the total energy difference per Mn atom
from the stable state as a function of θ . θ is defined as the
interplane spin-canting angle; i.e., θ = 0◦ and θ = 180◦
correspond to the FM and AFM-A states, respectively. We
found that the SCM state (θ = 105◦) is stable for x = 0.5.

We also investigated the carrier dependence of the
noncollinearity in the SCM state of LSMO (0.3 � x � 0.6).
Figure 2(c) shows the magnetic phase stability as a function of
x and θ . �E denotes the total energy difference per Mn atom
from the stable state. The SCM state is stable in the region
of 0.3 � x � 0.6. With increasing x , stable θ continuously
increases from the FM (θ = 0◦) state and AFM-A (θ = 180◦)
state.
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Figure 2. (a) The spin-canting magnetic structure of La1−x Srx MnO3 (LSMO). θ is the spin-canting angle between the interplane Mn sites.
(b) The total energy difference per Mn atom from the stable state as a function of θ in LSMO (x = 0.5). (c) The total energy difference per
Mn atom from the stable state in the parameter space as a function of hole doping x (0.3 � x � 0.6) and θ (degrees). The change from blue to
red (bottom to top) in the color (greyscale) bar on the right-hand side represents the increase in the total energy difference. The lines serve as a
visual reference.

4. Discussion

We discuss the stability of noncollinear magnetism around the
magnetic phase boundary. It is understood that the carrier-
induced magnetism in perovskite manganites is governed by
the double exchange (DE) interaction [6, 32, 33]. The
SCM state has been explained by the DE mechanism by de
Gennes [6]. According to his theory, in addition to the AFM
superexchange (SE) interaction, the FM interaction is caused
by electron hopping from a half-filled eg state to an empty
eg state with Hund’s coupling. Then, the SCM states are
stable because of the competition between the FM DE and
AFM SE interactions in LSMO. Although de Gennes restricted
his discussions to low carrier concentrations, Solovyev and
Terakura extended de Gennes’ theory to a wide region of
carrier concentrations [7] and predicted that the SCM state may
be stable around the half-doped concentration (x = 0.5). Our
first-principles results are consistent with this prediction, and
the SCM state is stable in the region of 0.3 � x � 0.6. We
suggest that a noncollinear magnetic state may appear in a wide
range of hole-doped perovskite manganites.

We discuss the effect of lattice distortions in x = 0.5.
We have performed a calculation of the cubic LSMO with an
averaged lattice constant. The total energy difference between
the FM and AFM-A states is 9.8 meV/Mn in x = 0.5. The
corresponding energy difference in the orthorhombic structure
is 0.8 meV/Mn. We predict that the SCM state is more stable
in the orthorhombic structure than in the cubic structure. We
also discuss why the total energy difference is large in the cubic
structure. We attribute this difference to a decrease in the AFM
SE interaction at the interplane. The average lattice constant
in the cubic structure (3.873 Å) is larger than that in the

orthorhombic structure (3.826 Å). The larger lattice constant
leads to a decrease in the overlap between the wavefunctions
of the interplane Mn atoms, i.e., the AFM SE interaction
decreases at the interplane. Therefore, the lattice distortion
may affect the stability of the noncollinear magnetic phase. We
propose that the control of the noncollinear magnetic states is
possible by the superlattice composition.

5. Summary

In summary, we have performed a noncollinear first-principles
density-functional calculation on carrier-doped perovskite
manganites LSMO. The calculated collinear magnetic ground
state was consistent with that reported in previous theoretical
and experimental studies [4, 5]. Our calculations revealed that
the noncollinear magnetic state is stable in LSMO (0.3 � x �
0.6). We discussed the stability of noncollinear magnetism in
the magnetic phase boundary. Lattice distortions may change
the stability of the noncollinear magnetic phase.
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