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Roles of electron correlation and orbital degree of freedom in manganese oxides with
perovskite structure are theoretically investigated. In particular, correlation between
orbital structure and maganetic ordering in double layered manganites is examined. It is
shown that the relative stability of the two e, orbitals, i.e. d(32°+") and d(x’-y") orbitals
in a Mn ion, dominates the magnetic ordering. We explain a mechanism of the
correlation between orbital and magnetism by a microscopic theory with strong electron

correlation.
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1. INTRODUCTION

Perovskite manganites A4,xBxMnQO; (4=La, Pr,
Nd, Sm, B=Ca, Sr, Ba) and their related compounds
have recently received much attention because of a lot
of fruitful and dramatic phenomena such as the
colossal magnetoresistance (CMR) [1]. Tt is well
recognized that the manganites are the typical
compounds where spin, charge and orbital degrees of
freedom as well as lattice are strongly coupled with
each other. The electron configuration of a Mn®" ion is
(3d) * . Due to the crystalline field with the cubic
symmetry, the degenerate five 34 orbitals split into the
doubly degenerate e, orbitals and the triply degenerate
tys ones. Since the intra-atomic Hund coupling is
stronger than this energy splitting, one electron
occupies one of the two e orbitals. Therefore, this ion
has orbital degree of freedom as well as spin and charge
ones. This degree of freedom shows a long range
ordering, i.e. the orbital ordering, as does the spin
degree of freedom. Several types of the orbital ordered
phases are suggested theoretically and experimentally.
It is recognized that these orderings control the mag-
netic, optical and transport properties

Manganites with layered crystal structure A
2xB1:2:xMn07 are another class of CMR materials [2-7].
In this crystal structure, pairs of the MnO, layers are
stacked along the ¢ axis. The reduced dimensionality in
this crystal not only causes the strong anisotropy in the
electrical resistivity but also enhances a magnitude of
CMR near the ferromagnetic transition temperature. It
is experimentally revealed that with doping of holes,
the magnetic structure changes as AFM-II
(029<x<0.31), FM (0.31<x<0.39), FM+AFM-I
(0.39<x<0.48) and AFM-I (0.48<x<0.49) [7]. Here, FM
and AFM indicate ferromagnetic and antiferromagnetic
structures, respectively. In AFM-I(IT) structure, spins
are ferromagnetically aligned in the ab plane, antifer-
romagnetically (ferromagnetically) in the ¢ axis within
a bilayer, and ferromagnetically (antiferromagnetically)
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between the nearest neighboring bilayers. At the same
time, the lattice structure changes systematically with
changing carrier concentration; with doping of holes, a
Mn-O bond length in a MnQOg octahedron is gradually
elongated (shorten) in the ab plane (¢ axis) [4,6,7].
These results strongly suggest that the orbital character
of the e, electrons is also systematically changed with
carrier concentration and controls the magnetic ordering
in layered manganites.

In this paper, we examine correlation between
magnetic ordering and orbital structure in layered man-
ganites. The level separation between the two e; orbi-
tals is estimated in the ionic model for a large number
of the compounds. It is found that a universal correla-
tion between the relative stability of orbitals and the
magnetic transition temperatures. We explain a mecha-
nism of this correlation by a theory based on the model
where the two e, orbital and strong electron correlation
are taken into account.

2. CORRELATION BETWEEN ORBITAL AND
MAGNETISM IN LAYERED MANGANITES

We examine correlation between several physical
parameters obtained from the structural data in a num-
ber of samples and their magnetic transition tempera-
tures. Since the intra-bilayer magnetic coupling is much
larger than the inter-bilayer one, we term the AFM-I
structure the A-type AFM one and regard the AFM-II as
the FM. The structural data utilized here were obtained
from the neutron and x-ray scattering experiments in
Refs. 7-18. In manganites with pseudo-cubic perovskite
structure, it is well known that the tolerance factor is
one of the good parameters to arrange the magnetic
transition temperatures {19]. This is because this factor
controls the Mn-O-Mn bond angle which governs the
magnitude of the ferromagnetic interaction in the dou-
ble exchange scenario. In layered manganites, we de-
fine the tolerance factor as
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where d(O-4) and d(Mn-O) are the averaged bond
lengths between nearest neighboring O-4(B) and Mn-O
tons in the ab plane, respectively. We plot the FM
transition temperature T¢ and the Neel temperature T
for the A-type AFM structure for a number of samples
as functions of the tolerance factor. It is shown that
tolerance factor is located around =1 and the transition
temperatures are distributed randomly in a narrow
region of t. Correlation between a Mn-Mn bond length
d(Mn-Mn) and the magnetic transition temperatures are
also examined. We find that 7¢ is not correlated with
d(Mn-Mn) and that T increases with increasing d(Mn-
Mn). However, this tendency of Tn is opposite to the
prediction of the conventional double exchange sce-
nario, where the ferromagnetic interaction decreases
with increasing the Mn-Mn bond length. We also ex-
amined correlations between Tcgy and a Mn-O-Mn
bond angle in the ¢ axis, a lattice spacing between the
bilayers and lattice constants. However, there are not
clear correlation between these parameters and the
transition temperatures.

Now we consider the correlation between magnetic
ordering and orbital structure. To examine the level
splitting for the two e, orbitals, the ionic model is
adopted. This model may be justified by the following
considerations[20,21,22]: (1) LaMnQOs is an ionic insu-
lator where the ionic model provides a good starting
point for the electronic structure. (2) The tonic proper-
ties are predominant between bilayers. (3) The energy
level structure based on the model, where the covalency
effects between Mn and O ions are taken into account,
shows the same tendency with those by the ionic model.
This is because the two orbitals with the e, symmetry
considered here are the so-called anti-bonding orbitals
constructed by the Mn 34 and O 2p orbitals. The
Madelung potential for a hole in the d(3z°-+*) and d(x*-
¥?) orbitals at site J are defined as

V(32 -r?)= %{V(?j +rDHVGE D) - @)

and

V(x* -y =V(F +r,% , 3
respectively. Here F(r;) is given by
. Ze?
V(F) = , @)
i#j r, - rjl

with a point charge Zee at site i and the position #; . ry
(=0.42 A )is the radius of a Mn 3d orbital where its
radial density is maximum. To calculate Eq. (4), the
Ewald method is utilized. We choose Z’s for Mn, O
and A4 ions are 3+x, -2 and (8-2x)/3, respectively. The
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Fig. 1: The Curie temperatures (7¢) for the FM struc-

ture and the Neel temperatures (7v) for the A-type
AFM structure as functions of AV. Filled and open

circles indicate
evaluated for
Lay 481 sMnyO7
La; 581 sMn,O7
Lay 04511 96Mn,07

Tc and Ty , respectively. AV’s are

the following compounds: A
[7l, B: LasSnsMnO; [7], C:
[7, D: Laji8rieMmO; [7], E:

71, F. LaSroMmO; [7], G

La; sSti6MnyO7 [8], H: Pr4CajsBaosMnO; [9], L
Ndy.«Ca eMn,O7 [10], J: LaisSrieMmO; [11], K:
Lajy 2Sr; sMn, Oy [12], L. La;sSr; sMn,Or [13], M:

Lai 2(Sro3Can2)1sMn0O- [13], N:
Lai 4(Sro7Cag3)1 sMn207 [13], 0}
Laj 4(Sro6Cao.4) sMn,0O7 [13], P:
(Lao.sNdg2)1 281 sMn,0 [13], Q:

(Lao6Ndg4)128r1 éMn,O7 [13], R: Smy 281 sMnyO7 [14],
S: Lay 4Sr; 4Cao 4Mn,O7 [15], T: NdSI2M11207 [16], U:
Nd; 1St oMn,O7 [16], V:  LaSr,Mn,O7 [17], W:
LaSr; 6Cag sMny0O7 [18], X: NdSrMn,O; [18]. In the
region with large positive (negative) value of 4V, the
d(322-r2 ) (d(x*7)) orbital is occupied by an electron.

difference between the potentials defined as

AV =V Bz - r?) =V (x? - ) )

represents the relative stability of the two e; orbitals.

The magnetic transition temperatures for a number of
layered compounds are plotted as functions of AV
(Fig.1). It is clearly shown that there is correlation
between the magnetic transition temperatures and AV,
Tx’s for the A-type AFM structure increase with de-
creasing 4V and Tc ‘s for the FM structure have a
maximum at around AV~0.083eV . These results imply
that the stability of the A-type AFM structure is corre-
lated with that of the d(x’-}”) orbital and there exists
the optimal orbital structure for the FM ordering.

In Fig. 2, The magnetic phase diagram at T=0 is
plotted as a function of AV. It is shown that the mag-
netic structure at 7=0 is governed by 4V and x; the FM
phase is located in the region with smaller x and mod-

erate AV and the A-type AFM phase is with larger x
and smaller AV.
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Fig. 2: The magnetic phase diagram at 7=0 as a func-
tion of 4V and x. Filled, open and crossed squares
indicate the FM, A-type AFM, and paramagnetic sam-
ples, respectively. AV*s are calculated for the same
samples in Fig. 1. In the region with large positive
(negative) value of AV, the d(32°-7) (d(x*-/%)) orbital is
occupied by an electron. The dotted lines indicate a
series of to Lay 2Sri+Mn,01.

3. MECHANISM OF THE CORRELATION

Let us examine a mechanism of the correlation
between orbital structure and the magnetic transitions
based on a microscopic theory. We start with the tight-

binding Hamiltonian. Here we consider a pair of the
two dimensional sheets of a squared lattice consisting
of Mn ions. In each Mn ion, the two ¢, orbitals are
mtroduced and the ty; electrons are treated as a local-
ized spin. Because of the strong intra-site Coulomb
interactions in a Mn ion, the doubly occupied states of
electrons are prohibited at a Mn site. Then, we derive
the following effective model Hamiltonian describing
the low energy electronic states by the perturbational
procedure [22,23]:

H=H,+H,+H,+H,,+H, , (6
with
= 2Hdid,, +He G
<if>py'c
s =Yl
=-2 J( nn +S,- SJ( ffzJ)
Z 4 . (®)
—2ZJ( i, =S, S)(%+Tf1§+rf+1;j
<gj>
Hy+H,=-1,8-8,+>J.5,-S, - ©
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Fig. 3: The calculated magnetic phase diagram at 7=0
as a function of A and x. A is the splitting of the energy
level between the d(32°-¥") and d(x’-°) orbitals.
A corresponds to AV/g(@) where the dielectric constant
&) 1s about 3-3.5 in manganites. In the region with
large positive (negative) value of A, the d(327-r7) (d(x*-
%)) orbital is occupied by an electron.

and

Hy= _AZTrz (10)

dioy 1s the annihilation operator for an e, electron with
spin ¢ and orbital vy at site . This operator excludes the
doubly occupied states of electrons due to the strong
electron correlation. §; is the spin operator for e; elec-
tron with S=1/2 and Sy is that for tyz electrons with
S§=3/2. T, is a pseudo-spin operator for orbital degree of
freedom defined by

i = —;- Z d:ya'&yy'diy'o'

w'e

)

where o, is the Pauli matrices with p=(xy,z) and
#i=cos(2mmy3)Ti-sin(2mmy/3) T, with (my, m,, m.)=(1,
2, 3). / indicates the direction of a bond connecting site
i and site j. The up and down pseudo-spin states de-
scribe the states where the d(3z°~°) and d(x*-y*) orbi-
tals are occupied by an electron, respectively. H; and H;
correspond to the so-called ¢ and J terms in the -J
mode] for High-Tc cuprates, respectively. However,
unlike the conventional -/ model, the orbital degree of
freedom is taken into account in these terms. £7; is the
hopping integral between the nearest neighboring Mn
ions, and J;=r/(U’-) and Jo=f/U are the exchange
interactions between the e; electrons where U, U’ and [
are the intra-orbital Coulomb interaction, the inter-
orbital one and the exchange interaction, respectively. ¢
is the hopping integral between the nearest neighboring
d(37-¥) orbitals along the ¢ axis and is about 0.5-
0.7eV. Hy and Har represent the Hund coupling (Jy)
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between e, and ty spins, and the antiferromagnetic
superexchange interactions (J4r) between the nearest
neighboring tzg spins, respectively. The last term in Eq.
(6) tepresents the splitting of the energy level (A) be-
tween the d(3z°-+") and d(x’-y°) orbitals at a Mn site.
A corresponds to AV/g(e) introduced in the previous
section where the dielectric constant &(e) is about 3-
3.5 in manganites. In order to obtain the magnetic phase
diagram based on this model Hamiltonian, we adopt the
mean field approximation in the slave-boson scheme.
Here, the operator d;q, in Eq. (7) is decomposed as

diya = ﬁ+Tiysia ’ (12)

where f; and s;, are bosonic operators for charge and
spin degrees of freedom, respectively, and T, is a fer-
mionic one for orbital degree of freedom. The con-
straints for these operators are treated as a mean field
sense. Because the hole concentration is larger than
30% in the region of the present interest, H; in Eq. (6)
is supposed to be irrelevant and neglected in the calcu-
lation. A detailed calculation method will be presented
elsewhere. The phase diagram for manganites with
bilayred structure has also been studied in the Hartree-
Fock theory in Ref. 24.

The calculated results of the magnetic phase diagram
at =0 is presented in Fig. 3. The parameter values are
chosen to be J4/t=0.025. 1t is shown that the character-
istic features shown in Fig. 3 are well reproduced by the
present theoretical results in the regions of 0.3<x<0.6;
the A-type AFM phase appears in the region with
higher x and smaller A than that of the FM one. The
calculated results show that, in the A-type AFM phase,
the orbital character is almost of the d(x*-y)-type. On
the other hand, in the FM phase, the character of the
occupied orbital shows a mixture of the d(3Z-+") and
d(x’+?) orbitals. The present results suggest that a
dimensionality of the FM interaction is controlled by
orbital structure; in the A-type AFM structure, the FM
interaction in the ab plane is caused by the double
exchange interaction, while the AFM interaction in the
¢ direction is by the AFM superexchange interaction.
When the d(x*-)°) orbital is- stabilized, the double
exchange interaction in the ab plane (¢ direction) be-
comes strong (weak) and the A-type AFM structure is
stabilized. A moderate mixing of the orbitals is indis-
pensable to realized the FM phase where the double
exchange interaction overcomes the AFM superex-
change interaction in the three directions. In Fig. 3, the
C* and G-type AFM phases appear in the region of the
higher hole concentration. Spins are ferromagnetically
aligned in the b axis and antiferromagnetically in the a
and ¢ axes in the C*-type AFM phase, and are antifer-
romagnetically aligned in the three directions in the G-
type AFM phase. The C* and G-type phases are re-
cently confirmed by the neutron scattering experiments
in LaynSri+aMm0O;7 with 0.74<x<0.9 and 0.9<x<1.0,
respectively [18]. It is supposed from the measured
crystal structure that the occupied orbitals have a d(3y*-
#*) character in the C*-type AFM state. This is also
consistent with the present calculated results.
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