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Spin and orbital orderings in perovskite manganites
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Abstract

By using the exact diagonalization method on finite-size clusters, the interplay of spin and orbital in the undoped
insulating and doped charge-ordered states of perovskite manganites is examined. The spins lift the orbital degeneracy.
As a result, the anisotropic antiferromagnetic states are obtained.
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In recent years, the transport and magnetic prop-
erties of perovskite manganites have attracted
much attention in connection with the colossal
magnetoresistance [1, 2] (CMR). A typical com-
pound which shows CMR is (La, X)MnO; with
X = Sr or Ca. The mother compound, LaMnOj, is
a Mott insulator with a layered antiferromagnetic
(AF) ordering called A-AF state [3-5]. CMR is
also observed in the doped charge-ordered
compounds such as LaysCapsMnO; and
Pry.5Cag.sMnOj; [2]. Their charge-ordered phase
is accompanied with an AF ordering and is called
CE structure' [4,5]. However, it has not been
understood why the anisotropic AF orderings such
as A-AF state and CE structure emerge, although
a key ingredient is considered to be the orbital
degree in Mn e,-orbitals [5-7].

In this paper, we study the interplay of spin and
orbital starting with the effective Hamiltonian for
the strongly correlated system with orbital degener-
acy [ 7]. By using the exact diagonalization method
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on finite-size clusters, we obtain the A-, C- and
G-type AF states. We also examine the interplay in
the 50% doped charge-ordered states. Our results
show that the spins lift the orbital degeneracy,
resulting in the anisotropic magnetic AF states.
We take the effective Hamiltonian [7] as follows:
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Here, V' is the nearest-neighbor Coulomb repul-
sion, and K is the Hund coupling between e, spin
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(8;) and t,, spin (S). t?}”s are the transfer integrals
between neighboring e, orbitals where a and b de-
note the orbital states. ¢;,, denotes the annihilation
operator of an electron with spin ¢ at the a orbital
of the site i where the double occupancy at the site
is excluded. Jr is the superexchange interaction
between t,, spins. U’ and J' are the Coulomb inter-
action and the Hund coupling between e, orbitals
in a Mn site, respectively. T, T, and T,  are
the pseudo-spin operators which denote the
orbital degree of freedom and are expressed as
spin-3 operator.

Let us first examine the spin and orbital struc-
tures in the undoped LaMnQj. In the calculation,
we introduce the AF interaction J,¢ between neigh-
boring e, spins with S =% and neglect t,, spins
since the ¢,, spins strongly couple to the e, spins
through the Hund coupling. Then, it is possible to
apply the Lanczds exact-diagonalization method
and calculate the correlation functions of spins and
orbitals in a cluster of 8 site die. The ground state is
characterized by the parameter Jip in units of
(to)* (U’ — J') where t, is the transfer integral be-
tween neighboring x* — y? orbitals in the x-direc-
tion. The spin and orbital structures are obtained
by examining the spin and pseudo-spin correlation
functions. When J,p increases, we find that the
ferromagnetic (F), and A-, C- and G-type AF states
occur successively. In the F-, and C- and G-type AF
states, the x* — y? and 3z® — r? orbitals are aligned
alternately in all directions. On the other hand, in
the A-AF state, the orbital state changes together
with spins: The 3x® —r? and 3y® — r* ordering
develops and the A—-AF state is realized in a certain
region of Jsr as seen in Fig. 1{a). We have also
studied the phase diagram in the mean field theory,
and found that the A-AF state is not stabilized in
contrast with the numerical results. Note that in the
exact diagonalization method, the A-AF state is
obtained without lattice distortion. This fact shows
that the quantum interplay of spin and orbitangu-
lar moments is important for the A-AF state.

Let us next study the spin and orbital orderings
in the 50% doped charge-ordered states. In the
calculation, the e, and t,, spins must be dealt with
separately. Here, we assume that an t,, spin is 3, for
simplicity. The parameter values are taken to be
to/(U" — J)=0.1, and V = K = 10t,. We obtain

(a) (b)

Fig. 1. Schematic figures of spin and orbital orderings in the
undoped insulating (a) and 50% doped charge-ordered (b)
states. For the orbital orderings, the in-plane structures are
presented. In Fig. 1(b), white and black arrows indicate the
Mn** and Mn?3* spins, respectively.

that F, AF and ferrimagnetic spin states occur with
increasing J,r. The ground states are almost degen-
erate due to the orbitals. However, we find that the
degeneracy is lifted in the A—AF state as in the case
of the undoped insulator. This is because of the
coupling between spin and orbital. The charge, spin
and orbital coupling orderings in the state are
shown in Fig. 1(b).

Summarizing, we have examined the interplay of
spin and orbital in the undoped insulating and
doped charge-ordered states in the perovskite man-
ganites. In the undoped insulating states, we found
that the A-, C- and G-type AF orderings occur
together with the orbital orderings. We also exam-
ined the interplay in the 50% doped charge-
ordered states. Our results show that the coupling
between spin and orbital lifts the degeneracy and
derive the anisotropic magnetic AF states.

This work was supported by a Grant-in-Aid for
Scientific Research on Priority Areas from the Min-
istry of Education, Science, and Culture of Japan,
and the New Energy and Industrial Technology
Development Organization (NEDO). Computa-
tions were carried out in the Computer Center of
the Institute for Molecular Science, Okazaki Na-
tional Research Institutes, the Supercomputing
Center of Institute for Materials Research, Tohoku
University, and the Computer Center of the Insti-
tute for Solid State Physics, University of Tokyo.



50 W. Koshibae et al. | Physica B 237-238 (1997) 48-50

References

[1]1 R. von Helmolt et al., Phys. Rev. Lett. 71 (1993) 2331; A.

Urushibara et al., Phys. Rev. B 51 (1995) 14103.

[21 Y. Tomioka et al., Phys. Rev. Lett. 74 (1995) 5108; Y.

Tokura et al., Physica C 263 (1996) 544.
{31 G. Matsumoto, J. Phys. Soc. Japan 29 (1970) 606.

[4] E.O. Wallan, and W. C. Koehler, Phys. Rev. 100 (1955) 545.

[5] J.B. Goodenough, Phys. Rev. 100 (1955) 564; J. B. Good-
enough, Magnetism and Chemical Bond (Interscience, New
York, 1963).

[6] K.I. Kugel, and D. I. Khomskii, Sov. Phys. -JETP 37 (1973)
725; Sov. Phys. Usp. 25 (1982) 231; 1. Solovyev et al., Phys.
Rev. Lett. 76 (1996) 4825.

[7] S.Ishihara, J. Inoue, S. Maekawa, Physica C 263 (1996) 130,
Phys. Rev. B 55 (1997) 1.



