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Orbital ordering and two ferromagnetic phases in low-doped Lg_,Sr,MnO 4
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We present a theory for the transition between two ferromagnetic phases observed experimentally in lightly
doped La_,Sr,MnO,. Starting from an electronic model, the instabilities to various types of orbital orderings
are studied within the random-phase approximation. In most cases, the instabilities occur in the region of
strong correlations. A phase diagram is calculated in the case of strong correlation by means of the projected
perturbation technique and the Schwinger boson technique. A phase transition between two types of orbital
ordering occurs at a low doping, which may be closely relevant to recent experimental observations.

[. INTRODUCTION problem, we only concentrate on the fully polarized ferro-
magnetic phase such that all spin degrees of freedom are
Doped manganites have attracted much current researdfozen completely. Other interactions, such as the coopera-
interest due to various types of charge, orbital and magnetitive Jahn-Teller effect, are neglected in a fully saturated
orderings, as well as the colossal magnetoresistance effect.ghase. Under these circumstances, the electronic Hamil-
was observed experimentally that a phase transition occurs @inian for the doped manganite might be writtei®as
T=l 150 K in slightly doped manganite La,Sr,MnO; (X
=35) from a ferromagnetic metallic phase to a ferromagnetic _
insulating phasé-2 The low-temperature insulating phase is H= _t% CiT,aCJ,aJFZ Un; -niz,
found to be stabilized by an external magnetic field. Alter-
natively, a ferromagnetic metallic state can evolve into awherec;r’a andc; , are the creation and annihilation opera-
ferromagnetic insulating state by increasing an external magers for electrons in ther (=x,y,z) orbital at sitei. « is
netic field? which is completely opposite to the field-induced determined by the orientation of the differenice The op-
n:ﬁltin% ofdthet fhar%e-orderitng phase nteﬁf%-“hOn the  erators are not independem;xz%oi,z—(ﬁ/z)ci;anchi,y
other hand, at low temperatures, a metallic phase crosses: . ATy — 2_ .2
over to an insulating phase nee 0.175%° Since the spin 2_(:"Z+(‘/§/2)C"Z' CZ_|O> [2)(32°~r%)/\3 and c_;|0>
degrees of freedom have been frozen, the transition should|2)*x*~y?, respectively. Here the transfer matrices are
be attributed to the orbital orderings of actiggelectrons in ~ assumed to take a Slater-Koster form given by the hybridiza-
Mn ions. Theoretically, the phase diagrams of doped mangdion between thee, orbital and the nearest oxygep
nites have been investigated extensivell?, The importance ~ orbital}"*8U is the on-site Coulomb interaction for electrons
of the orbital ordering was realized to explain the layered-at different orbitals with the same spin. Along any axis, the
type antiferromagnetism for the undoped case and variousee electrons have two bands: onevig) = — 2t cosk,, and
types of magnetic orderings in the highly doped regime. Exthe other is a flatband witl(k) =0. Since
perimental evidence shows that the orbital ordering indeed
exists in LaMnQ and Lg St sMn0O,.1® In this paper, we Ni xNi x=NiyNi y=N; N 7,
propose an electronic origin of the ferromagnetic phase tran- hich are the proiection operators for double occupancy. the
sition, and emphasize the roles of orbital ordering and stron del bp ) ded P binati f '?] Y,
electron correlations. A Hubbard-type electronic model is 10d€l can be regarded as a com Ination of three one-
presented to describe the orbital motions of active electrondimensional Falikov-Kimball models. Whe=0, the spec-
in Mn ions, and the random-phase approximati&PA) is  ta of free electrons are
applied to investigate the instability of various types of or-
bital structures. It is found that the para-orbital phase is un-
stable when the on-site Coulomb interaction is strong. In this +tel+ e§+ e2—ee,— /e, €8,
case, we derive an effective Hamiltonian in the representa-
tion of the Schwinger boson for orbital and spinless fermiongvheree, = cosk,. The ground state is a para-orbital state for
for charge. A phase transition between two types of orbitaRny doping. As the threg, , are not independent, one of the
ordering phases is observed. Its relevance to the experimemain features in the density of state in the Falicov-Kimball
tal observation is also discussed. model, the peak for the localized electron, disappears.

2

o.(k)=—t(et+et+e)

Il. MODEL Ill. THE RANDOM-PHASE APPROXIMATION

Doped manganites are very complicated and contain a To further understand the physics of the model at low
number of physical degrees of freedom. To simplify ourtemperatures, we study the instability of the para-orbital
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whereo;=2z(+1) ?( —1) denote the orbital stateH.o(q, 6)

2 2 . A . :
N 4/ \2 4/ N ¥ 7 4/ is the polarization tensog=(q,i»,)) with g the momentum
............... = Nl N : : _ _
/ / N / N transfer by the interaction, ang, is the bosonic Matsubara
1 D 1 8 5 8 8 frequency. The X 2 inverse of the free propagator matrix in
) ) our case is
FIG. 1. Feynman diagram of the Dyson equations for the
dressed interaction tensor. The numbers represent the orbital indi- G_l(k,9)=(iwn+,u)l — R—l( A E(K)R(H),
ces.

wherek=(k,iw,) with w, being the fermionic Matsubara
phase to various types of orbitally ordered phases in th&eduency and

random-phase approximatiofRPA). As the Hamiltonian 1 3
possesses the cubic symmetry, but lacks th€258ymme- e, + - (e,te,) ——(e,—e)
try, the symmetry breaking is to choose a certain direction. B 4 Y 4 Y
We perform a unitary transformation E(k)=—t 3 3
_T(ex_ey) Z(ex+ey)
Ciz Ciz
. =R(0) ) The polarization tensor is given by
where 3 d°k
HO(q10)0102;030'4__T§n (277)3
0 .0
CO% S|n§ XG(rz,(r3(k+q10)G(r4,(rl(kv0)1
R(6)= 6 0 where T is the temperature. The summation over fermion
—Siny - cos; Matsubara frequencies can be easily performed, but the re-

maining integration over momenta has to be carried out nu-
such that the hopping matrix depends on the amglehile ~ merically. By analytical continuation, we calculate the real-
the on-site term remains unchanged in the new basis. Howime zero-frequency limit of the dielectric tensor,
ever, such a unitary transformation does not change any 1 , -
physics of a system with S®) symmetry. In the new basis £(0,0,0)=1—limy,_oVollg(a,ivp—w@+i0",6).
set, the various instabilities against the para-orbital state cagy 5 specific wave numbe, the peak in the inverse of the

be probed by the dressed4t interaction tensor, determinant of the dielectric tensor, 1fdstg,0,6)], as a
L function of the on-site interactio or temperaturd, indi-
V(q,0)=[1-V,lls(q,6)]" Vo, cates the instability from the para-orbital ordering to some

o ) ] ] ordered phase at this wave number. For exampleq at
as shown in Fig. 1. Her¥, is the bare interaction tensor that =(0,0,0), the peak indicates the instability to the polarized

deper_1ds on the four orbital state_s, with Mea'ding to four  grpital (F) phaseg= (i, , ) to the rock-sal{G) -type or-
combination$ at each end of the interaction line, bital ordering phaseg= (i, ,0) to the rod(C) -type orbital
ordering, andg=(0,0,7) to the layered(A) -type orbital
ordering. Numerical results of the zero-temperature critical

Vo(0105:0304)= =0103(0, ) + 0, ) , L . . . .
0(0102;050%) 195(0010,0030,F 9010,00,0,) on-site interactionJ ; for the various orderings as a function

2

6=n/4

00 oz o4 o8 FIG. 2. Instablility of para-orbital phase to
10 various ordering phases in the random-phase ap-
proximation.
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FIG. 3. The phase diagram for orbital order-

= ing in low doped mangnites: the weak-correlation
approach.
G
1 M
0.4 0.5
X
of the doping level ford (=0;m/4;m/3;m7/2) are plotted in IV. STRONG CORRELATION: SCHWINGER BOSON
Fig. 2. It should be pointed out that for the G-type ordering, THEORY

there is a logarithmic divergence in the polarization tensor,
so thatU. approaches zero as—0. However, it is difficult

to capture this behavior by numerical calculations. Indeed
on a 100<100x 100 cubic lattice, we still get a finitd ;. for

the G-type ordering. Remarkably,.(x) as a function of the

hole concentration for the G-typen®ta monotonic function and the density-functional theoF}2 the ratio oft/U is es-

OT X, In contrast to that in the one—banc_i Hubbard model. Th'stimated to be 0.1-0.05 . In this case, the double occupancy
difference arises solely from the existence of an orbital-

flipping propagator in our system. The G-type ordering is notof electrons on the same site should be very sparse, and the

the unique stable phase when the dopingUbincreases projection perturbation technique is an efficient tool to inves-

. o : . tigate the low-energy physics in the model. Up to the second-
Other types of ordering also arise in some regimes. We fln(E]J)rder perturbation, we obtain an effective HamiltontaR®
that the critical valuedJ, for G-type and F-type orderings

are not sensitive to the change of anglewhile U, for

A-type and C-type are. The C-type ordering arises near ~t t? B

=0.3 for a moderate value d, while an F-type ordering H= _; tCi,aCi,a_iEj TREEET @

appears for high dopings. Figure 2 also shows thdépends

on the density of doping, especially for the A- and C-type ~ ~

orderings. As the instability in Fig. 2 can arise from the wherec] , andc; , indicates the exclusion of double occu-

para-orbital phase against any ordered phases, the figure dgeancy on the same site. The physical meanings of the two

not give us any information on which one is more stable interms in the effective Hamiltonian are very clear. Along any

the largeU limit. To obtain a phase diagram, a mean-field Specific axis, the superexchange term is Ising-like, instead of

theory is introduced by decoupling the Heisenberg one that appeared in the usdahodel. The
total superexchange terms are a combination of three Ising
models. Due to the fact that the orbital operators depend on

From Fig. 2, the instabilities of several types of orbital

ordering occur above)~5 (t=1 is the energy unif which

tan be regarded in a region of strong correlation since the
on-siteU is much larger than the bandwidth. On the other

hand, from the estimation of excitation energies of Mn ions

N; 2N 7= (i DN 4+ N; N 2) = (i (N 2) the orientations of the bond, the physical properties are quite
_ different from those of the usual Ising model as will be
and by setting shown below. The C- and/or G-type orderings originate from

the superexchange term since the bond of two electrons on
1 _ the different orbits has a lower energy. The first term is the
E(ni,z—niyz =e'9liAm,, hopping term in the projected Hilbert space without double
occupancy. The strong correlation should lead to different
physics from that of free particles. To obtain the phase dia-
where Am, is the order parameter for the ordered phaseyram, we use the Schwinger boson technitfié* In the
characterized by the momentumApart fromAm,, we also  representation of the Schwinger boson for an orbital and fer-
take ¢ as an additional variable. Again, we consider fourmions for charge, the Hamiltonian is rewrittenas
types of orbital orderings: F, A, C, and G. The phase diagram
in Fig. 3 is established by comparing the ground-state ener- 2
iﬁsq grr]ddg‘.ferent orderings, which is minimized in terms of Heri= _tiEj: bi*rabj’afi*rfﬁi}j: E(mi,amj,a_ninj)a
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60 term and the superexchange term leads to the orbital phase
r transition.
50+
r F
a0l V. DISCUSSIONS
= Both Figs. 3 and 4 indicate a phase transition from C-type
30 to F-type ordering. The starting points for these two figures
I c are quite different: One is for weak correlations and the other
20 is for strong correlations. If the system deviates from the spin
I ferromagnetic state and other spin structures are allowed, the
1%.0 o.|1 012 0.3 C-type orbital ordering tends to form the spin A-type struc-

ture. This is because, from the superexchange mechanism,
the nearest-neighbor bond has a lower energy if it is spin
FIG. 4. The phase diagram for orbital ordering in low doped ferromagnetic and orbital antiferromagnetic or spin antifer-

X

manganites: the strong-correlation approach. romagnetic and orbital ferromagneficThis coincides with
the magnetic structure in the undoped mangnite. The experi-
where m a:bi‘rabi a_biT_bi ~ and ni:brabi ot bi’r_bi - mental phase diagram tells us that the layered FM insulating

A local constraint for the orbital boson and charge fermion isPh@se evolves into a ferromagnetic insulating S?Q‘EO ob-
vious magnetic phase transition is observed untl0.175.

fini:biTabi Wt biT—bi - Thus the increment of doping weakens the spin AF correla-
o o tion along thec axis, and does not change the orbital struc-
which can be realized by introducing the Lagrange multipli-tyre dramastically. The orbital ordering is C-type, not G-type
ers in the Hamiltonian. To study the phase diagram, the simat |ow dopings. It was observed that a transition occurs near
plest approach to the boson part of the Hamiltonian is the=0.175 in the ferromagnetic background. We believe that it
saddle-point approximation in which all the boson field andjs closely related to the transition discussed in this work. If
Lagrange multipliers are taken to be independent of time angle takeU/t = 20, the critical value is about 0.23 in Fig. 4,
space. Since we are interested in the orbital structure of thghich is larger than the experimental value. However, other
ground state, G-, C-, and A-type orderings are parametrizeghysical effects, when they are properly taken into account,
by decomposing the system in two sublatticksand B.  mjght reducex.. Yunoki et al? studied the Jahn-Teller ef-
F-type ordering is established if the two sublattices becomeact in an orbital model without on-site interaction. A phase

identical. In the case of low dopings, we have transition of orbital ordering was also observed in their study
w for a strong electron-phonon interaction. We believe that the
(b y=1—x cos% inclusion of the electron-phonon interaction could reduce the

critical valuex,. Maezoncet al’s mean-field phase diagram
contains a transition from the G-type to F-type phts@ur
RPA result also shows the instability from para-orbital phase
_aap) to the G-type Qrdering phase WhEJr_wis r_elatively small. It is
(bi)= \/1—xsmT. worth mentioning that our theory is different from those of
the polaron-ordering pha&eand band polarizatiof? Gener-
(b; ;) and(b; ;) are determined by the sublattice structures.ally speaking, once the long-range orbital ordering exists, the
The mean-field phase diagram is obtained by minimizing thelahn-Teller distortion always appears. A regular arrangement
ground-state energy in terms of the two parameteysand  of orbitals, i.e., electron cloud, affects the structure of the
ag. At x=0, the band for fermions is fully filled and the system. So when the orbital phase transition from C- to
hopping terms vanish. The ground-state energies per borie-type occurs, it is not surprising that the Jahn-Teller distor-
for both C- and G-type phases aret?/2U, while ay= tion also disappears. To explain the lattice distortion ob-
—ag= /2 for the C-type andvy=7— ag for G-type. The served experimentally, one has to introduce the electron-
C- and G-type orbital orderings are degenerated, in agregzhonon interaction. Even excluding the Coulomb interaction,
ment with the results of spin-wave thedy?® However, the the Jahn-Teller distortion alone can drive an orbital phase
C-type ordering was observed experimentally in the undopetransition. However, it was already realized that the electron
caset® Hotta et al?® suggested that the cooperative Jahn-correlation is very strong in doped manganites. On-site Cou-
Teller effect leads to a C-type orbital structure. When thedlomb interactions are dominant and are sufficient to drive an
system deviates from the undoped case, the problem shoutbital phase transition.
be solved self-consistently. In this approach, we find that any Before ending this paper, we would like to mention that
small doping removes the degeneracy of C- and G-type orthe C-type orbital ordering does not necessarily imply an
derings and the C-type structure has a lower energy. Thisulating phase. However, in the C-type structure, the orbit-
hopping term in the projected Hilbert space favors forming aals of the electron tend to be parallel along thexis and
ferro-orbital phase, which is very similar to the double ex-antiparallel in thea-b plane. Thus, electrons tend to move
change model. When the doping increases, a phase transitiatong thec axis as the hopping among tleeb plane will
from C-type ordering to F-type ordering occurs in the groundtend to destroy the orbital antiferromagnetic structure and is
state at a finitex,, which is a function of the rati®/U, as  energetically costly. The electron energy band in &b
shown in Fig. 4. Thus the competition between the hoppinglane is much narrower than that along thaxis. Thus the

and
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high anisotropy of the C-type phase leads to an almost oneeffect is to exclude the double occupancy of charge carriers.
dimensional character for the energy band. In an ideal onét has no obvious effect to prevent the system from forming
dimensional system, any amount of disorder will drive thetwo different density phases if both phases have excluded
system to be an insulator. There are always disorders in thgouble occupancy already. The effective interaction drives
system, for instance, spin fluctuations. Thus, the system Witbharge carriers around to a lower energy by optimizing the
the C-type ordering is most likely an insulator. On the othergrhital configurations. Similar physics was extensively dis-
hand, the orbital superexchange interaction in #¢.is at- cussed in the t-J model for high-temperature
tractive for charge carriers. Usually, strong interactieither  syperconductivity® In short, the C-type orbital ordering has
repulsive or attractivewill cause a uniform density phase to 5 strong tendency to be an insulating phase.

be unstable, either against the Wigner lattice or phase sepa- |n conclusion, a phase transition from the C-type to
ration. The antiferromagnetic orbital ordering will suppressg.type orbital ordering occurs at low doping in the regime of
the effective hopping term and relatively enhance the attracstrong correlations. This transition is relevant to the ferro-

tion such that it is possible to drive a uniform-density phasemagnetic metal-insulator transition in the lightly doped man-
unstable at low dopings. This will lead to the phase separaganites at low temperatures.

tion senario for a metal-insulator transit$h'° The resulting

phase separation between two phases with different densities

was observed near=0.05 and 0.08.1'32 As the physical ACKNOWLEDGMENTS
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