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Orbital polarons and ferromagnetic insulators in manganites
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We argue that in lightly hole doped perovskite-type Mn oxides the holes'{Mite9 are surrounded by
nearest neighbor M sites in which the occupieddorbitals have their lobes directed towards the central
hole (Mrf**) site and with spins coupled ferromagnetically to the central spin. This composite object, which
can be viewed as a combined orbital-spin-lattice polaron, is accompanied by the breathing typé &
Jahn-Teller type (M#") local lattice distortions. We present calculations which indicate that for certain
doping levels these orbital polarons may crystallize into a charge and orbitally ordered ferromagnetic insulating
state.
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[. INTRODUCTION the magnetic coupling between the orbital polarons is actu-
ally ferromagnetic and support this idea. We also shortly
The interplay between the magnetic and electric propereiscuss the evolution from the FI statexat 1/4 to the AFI
ties of R;_,A,MnO; (R is a trivalent rare-earth ion andlis  state atx=1/2 in Pr_,CaMnO; as well as the relationship
a divalent alkaline-earth igrhas been extensively studied in between the orbital polarons and the small ferromagnetic po-
the light of basic physics as well as their technologicallarons observed in La,CaMnOs.
importancet? La/Sr and La/Ca based compounds
La; ,SrMnO; and Lg _,CaMnO; are metallic below the Il. ORBITAL POLARON
Curie temperature for 0.X5x<<0.5. While the transport ) ) o )
properties of the La/Sr system witi=0.3 are well described ~ First, let us explain the basic idea underlying the concept
by the conventional double exchange thebithe La/Ca ©Of orbital polarons(see also Ref. 4 Since the electronic
system &~0.3) shows the colossal magnetoresistanceonfiguration of Mi* in RMnOs; is t3,ey, in an octahedral
(CMR) behavior which cannot be explained by the doublecoordination, there exists double orbital degeneracy and a
exchange mechanisfiNeutron diffraction and x-ray absorp- strong Jahn-Teller effect. On the other hand, ¢jeorbitals
tion measurements of the La/Ca system indicate that thare empty in MA*. When one dopeRMnO; with holes,
small magnetic polarons, in which spins are ferromagnetinamely, puts Mf™ ions in the background of the M ions,
cally aligned, play a role in the CMR effetf Recently, it ~the e, orbitals of all the MA™ site surrounding the M
was suggested that phase separation between the ferromaife tend to be directed towards it as displayed in Fig. 1. Such
netic metal(FM) region and the antiferromagnetic insulator an orbital orientation occurs for two reasons. One is simply
(AFI) region is essential for the CMR behaviand, actu- steric: oxygen ions sitting in between the Mn ions move
ally, the coexistence of the FM and AFI clusters has been
observed in La/C4.0n the other hand, Pr,CaMnOs is orbital polaron
insulating for allx; it has the AFI phase for 03x<0.5 and
the ferromagnetic insulatdFl) phase for 0.£x<0.3 (Refs.
9 and 10 although the structural details are still not
elucidated! It has been reported that in the Pr/Ca system,
while the magnetic moments are almost ferromagnetically
aligned for x~0.2, they are canted fokr~0.1 and 0.3,
namely, near the boundary between the AFI and FI
phases:'° Recently, it has been found that the La/Sr system
of 0.10<x<0.15 exhibits a FI behavior at low temperature
and may have charge and orbital ordertA¢® This all raises
a question as to the origin of the FI phase in the Pr/Ca system
with x~0.2 while the La/Sr system with similar hole con-
centrations are ferromagnetic metals. FIG. 1. Schematic drawings of the orbital polaron around
In this work, we study a charge and orbitally ordered staten4+.jon. The shaded orbitals and circles indicate the*Mand
which can be viewed as an orbital pOlaron lattice and WhiCI"Mn4+ sites, respective|y. The open circles show the oxygen ions

produces the fully polarized FI state for=1/4. Hartree- sitting between the Mt and Mrf* sites. The arrows indicate the
Fock (HF) calculations ord-p-type lattice models show that shifts of the oxygen ions.
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FIG. 2. Schematic drawing of the orbital polaron lattice for
Pr;,Ca,,Mn0O;. The shadedopen orbitals and circles indicate
Mn®* and Mrf" sites in sublattice\ (B).

towards the MA™ site and, consequently, the Mg@ctahe-
dra of the neighboring M sites are elongated along the
axis pointing to the Mfi" site. Another factor is that the
orbital occupation helps to optimize the covalency betwee
the Mr®" and Mrf* sites: thee, orbitals directed towards
Mn“" site allow for maximal Mn-O-Mn hopping. An impor-
tant consequence of such an orbital ordering is that, accor

action between the Myi and Mrf" in this cluster is

ferromagnetic. Thus one can treat this object simultaneousl

as a lattice(both breathing-type and Jahn-Teller-tygeo-
laron, a ferromagnetic polaron, and an orbital polaron.
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the O 2 orbitals are taken into account. In this model, the
intra-atomic Coulomb interaction between thd 8lectrons
is considered in terms of Kanamori parametersi’, j and
j". The charge-transfer energ¥ is defined by eg— €p
+nU, wheree and €, are the energies of the barel &nd
2p orbitals andU (=u—20/9)) is the multiplet-averaged
—d Coulomb interaction. The transfer integrals between Mn
3d and O 2 orbitals are given in terms of Slater-Koster
parametersfdo) and (pdw) and those between the (p2
orbitals are expressed bppo) and (ppw). Here, the ratio
(pdo)/(pdm) is —2.16. A, U, and (pdo) for RMnO; are
4.0, 5.5, and—1.8 eV, respectively, which are deduced
from the photoemission studi€s and ab-initio band-
structure calculation¥*® (ppo) and (pm) are fixed at
—0.60 and 0.15 for the undistorted lattice, which are close to
the values widely used for variousd3transition-metal
oxides!’

The t,4-t,4 antiferromagnetic coupling is correctly cap-
tured by the present method which can reproducefttype
AFl state for LaMnQ and the G-type AFI state for
LaCr0,.1° When the lattice is distorted, the transfer integrals
are scaled using Harrison’s prescription. In this model calcu-
lation, A is the most important parameter and the other pa-
rameters are not sensitive to the calculated result. Sihce
typically has an error bar o1 eV, we have performed
calculations forA=2.0 and 6.0 eV and confirmed that our
conclusion is not changed. In this work, the magnitude of the

Ristortion is given by the ratiod;—dg)/d whereds is the

Mn-O bond length at the M1 site andd, is the longest
n-O bond at the MA" site. d=(d,+dg)/2 is the Mn-O

ing to the Goodenough-Kanamori rules, the exchange inte(rglond length before the lattice distortion is included. Please

note that (ldo), (ddw), and ddd) between the Mn 8
rbitals have been neglected. This is because, in the perov-
kite structure, the shortest distance between the Mn ions is

approximately @ (~4 A) and that, using the Harrison’s

Forx=1/4, one can expect a very natural type of ordering'élation;” (ddo), (ddm), and @dé) are ~—0.08, 0.04,
of these polarons shown in Fig. 2. In this polaron lattice, theand—0.01 eV which are very small compared fodo) and
orbital polarons form a body-centered cubic lattice which(pdm). Therefore, the effectivel band width mainly arises
have two such polarons per unit cell. Therefore, one cafrom (pdo) and (pdw) in the perovskites.

divide the orbital polaron lattice into two sublattices which
are simple cubic lattices labeled Asand B. In Fig. 2, the
shaded(open circles and orbitals indicate the Kih and
Mn3" sites in sublatticed (B). In each sublattice, since the
neighboring orbital polarons share the #nsites, the cou-

In Fig. 3, the energy difference between the ferromagnetic
state and the AFI state, where the two sublattices are antifer-
romagnetically coupled, is plotted far=1/4 as a function of
the distortion of the oxygen octahedrath ¢ dg)/d. The pos-
tulated distortion compatible with the orbital polaron is jus-

pling between them is very strong and ferromagnetic. On théified by the fact that the AFI state with the orbital polaron
other hand, it is not trivial whether the coupling between theexists as a meta-stable solution even without the lattice dis-
neighboring orbital polarons belonging to the different sub-ortion. without the lattice distortion, the FM state is lower
lattices is ferromagngtic or qntiferromagnetic. In.order to seg energy than the AFI state. The distortion larger than 0.075
whether the magnetic coupling between sublatti@endB  hans 3'band gap for the ferromagnetic state and induces the
is ferromagnetic or_not_ and to check the stability of thisgy, to FI transition. As plotted in Fig. 3, the magnitude of
ordered structurgwhich is actually a form of charge order- yhe hand gap increases monotonically with the lattice distor-
ing (CO)], we performed HF calculation on the perovskite- i, exceeding the critical one 0.065. The magnitude of
type lattice model with the Mn @ and O 2 orbitals under ¢ charge ordering, namely, the difference of the occupation
the lattice distortion shown in Fig. 1. between the M#fi" and Mrf" sites (AN,) also increases
with the lattice distortiof ANy~ 0.7 for (d,—d)/d=0.1].

The FI state found here is exactly the orbital polaron lat-
tice shown in Fig. 2. Interestingly, under the lattice distor-
tion, the FI state is still lower in energy than the AFI state.

IIl. MODEL HARTREE-FOCK CALCULATION

We employ the multi-band-p model with 16 Mn and 48
oxygen sites in which full degeneracy of Ml ®rbitals and
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(a) polaron-type (FI) x=1/4
FIG. 3. Energy per formula unit cell of the ferromagnetic state staggered zigzags y
(Eg) relative to the antiferromagnetic and insulating stdgd) as
a function of the lattice distortion. The magnitude of the band gap
for the ferromagnetic state is also plotted as a function of the lattice
distortion. In the ferromagneti@ntiferromagnetic state, spins in
sublatticeA are parallel(antiparalle] to those in sublattic®.

This indicates that the magnetic coupling between two or-
bital polarons in different sublattices is also ferromagnetic.
In the FI state, the oxygen between the twoMrsites has
hole concentration of-0.2 which is as large as that in the
oxygen between the Mid and Mrf* sites. Namely, the
holes at the Mfi" site are partially transferred to the oxygen
between the two Mt sites and make the Mi-Mn®* cou-
pling ferromagnetic. Therefore, the Mh-Mn®* coupling at
x=1/4 is different from that ak=0. In this case, once the
band gap opens due to the lattice distortion, the energy dif- (b) non-crossing zigzags (CE-type AFI) x=1/2

ference between the Fl and AFI states is not sensitive to the

magnitude of the distortion. Here, it should be noted that the FIG. 4. Charge and orbital orderings ixy-plane (a) for
FM state without lattice distortion is homogeneous and mePr.Cay,MnOz and(b) for Pr;,.Ca;,MnO;. Shaded circles indicate
tallic, indicating that the lattice distortion is essential to sta-Mn** sites and open circles indicate Fn sites with the
bilize the orbital polarons and realize the CO FI state. ThedZ’—r*-type orbital. In Py,Ca;;,MnO;, the neighboring zigzags
orbital polaron lattice, namely, the FI state with the polaron-Shown by solid and broken lines meet at the “Vnsite. In
type charge and orbital ordering might be responsible for th&"2Ca2MnOs, the zigzags shown by the solid lines never meet
FI phase found in Rr ,CaMnOs; for 0.1<x<0.3°"!|n the ~ €ach other.

La/Sr system, the lattice distortion is suppressed and the or-

bital polaron is not formed. On the other hand, in the Pr/Cdattice for x=1/4 evolves to theCE-type AFI state with
system, the lattice distortion is favored and the orbital po-charge and orbital ordering fer=1/2 which consists of non-

laron lattice would be stabilized. crossing orbital zigzag: via continuous flipping of “broken”

zigzags of Fig. &) or as a first order phase transition with

IV. COMPARISON BETWEEN CHARGE ORDERINGS e\r/]entual phase separation into “1/4”-like and “1/2"-like
AT x=1/8, ¥4 AND 1/2 phases.

It is instructive to describe the difference between two FI

The charge and orbital ordering in the/-plane of the states which the model HF calculations give for
orbital polaron lattice is shown in Fig(@ for x=1/4. One  Pry,Ca,;,MnO; (this work and for Lg,Sr;,sMn0;.2° The
can visualize it as the orbital zigzags constructed from thealculations forx=1/8 show that some ferromagnetic states
3x%—r2/3y?>—r? orbitals and the Mf" sites which are ar- with orbital and charge modulations are stable even without
ranged in a staggered way, so that the neighboring zigzags lattice distortion. The predicted FI state with charge and
(shown by the thick solid and broken linemeet at the orbital ordering for LagSrgMnO; has the hole-rich and
Mn** sites. In theCE-type AFI state for 0.8 x<0.5° the  hole-poor planes alternating along theaxis. Since the or-
non-crossing zigzag is stabilized by the Jahn-Teller distorbital ordering in the hole-poor plane is essentially the same
tion at the MA™ site?® and the charge and orbital ordering as that in LaMn@, a small amount of lattice distortion can
along the zigzads is shown in Fig. 4b). Thus this orbital open a band galy. The calculated results qualitatively agree
ordering is quite different from the one suggested above fowith the experimental facts that L.a,Sr,MnO; of x=1/8 is
x=1/4. 1t would be interesting to see how the orbital polarona FI state with orbital ordering but does not have substantial
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lattice distortiont?'® On the other hand, at=1/4, the ho- For example, the Jahn-Teller distortion of LaMp®pe
mogeneous FM state is very stable and no FI state with ofiwould stabilize the charge and orbital ordering similar to that
bital and charge modulations is obtained unless a large lattiggredicted forx= 1/8.35 With the hole-poor plane having the
distortion is included. In the FI state obtained for orbital ordering of LaMn@, the hole-rich plane would have
Pry,Cay4sMnO;3, the large lattice distortions of the Jahn- the hole concentratiom=1/2 and may have th€E-type
Teller and breathing type are required to open a band gagtate. However, it is not clear whether such layered structure
Pr3,Ca,,,MnO; can be insulating probably because the largeyould support a ferromagnetic state or not. Second, the Pr 4f
buckling of the Mn-O-Mn bonds 4 Mn-O-Mn ~155%)  orbitals are not included in the present model. It is possible
reduces the band width of tieg band and allows the oxygen that the Pr 4-O 2p. band accommodates some holes and,
ions to relax easily. In this sense, the FI state inconsequently, the effective hole concentration in the Mn
LazgSr;gMnO; is in the weak coupling limit and is different 3d-O 2p, band is reduced. In order to check this possibil-
from the FI state for Ry,Ca,,MnO; which requires the ity, one should study a model with the Pif 4rbitals in
strong electron-lattice coupling. k&Sr,,MnO; however re-  future.
mains a ferromagnetic metal because the straight Mn-O-Mn
bonds make the bandwidth relatively large and increase the
frequency of the Mn-O stretching mode.

It is expected that the electron-lattice coupling increases In conclusion, the model HF calculation indicates that or-
in going from the La/Sr to La/Ca to Pr/Ca systems. This isbital polarons, in which the orbitals of M sites are di-
consistent with the fact that tteE-type AFI state becomes rected towards the Mi-like site and the spins are ferro-
stable in going from Lg,Sr;,MnO; to L&, ,Caq/,,MNO; to  magnetically aligned, are stabilized by the breathing-type
Pr,,.Ca,;MnO;. Therefore, it is reasonable to speculate thatand Jahn-Teller-type lattice distortions and that the magnetic
the orbital polarons still exist in metallic baCa;;,MnNO; but  coupling between these polarons is ferromagnetic. xAt
cannot form a lattice to realize the FI phase because the1/4, they form a body-centered cubic lattice form of
electron-lattice coupling in LaCa;,MnO; is not strong charge ordering which can be also viewed as a staggered
enough compared to §iCa;;,MnO;. Actually, small ferro- arrangement of the orbital zigzags. Further theoretical and
magnetic polarons are observed inLaCaMnO;° and their  experimental studies are required in order to check whether
size is comparable to that of the orbital polaron shown inthe proposed structure is realized infa,;,MnO5, and in
Fig. 1. The tendency to form orbital polarons discussedyeneral to clarify the importance of the orbital polarons and
above may play a role in the phase separatibmparticular,  their relation to the CMR effect and to the phase separation.
the important role of lattice distortion which follows from
our results(see Fig. 3 may in principle help to explain the ACKNOWLEDGMENTS
large scale phase separation observed in Ref. 8: In different
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V. CONCLUSION

13.B. Goodenough, Phys. Red00, 564(1955; J. B. Goodenough Yu. Kagan, D. I. Khomskii, and M. V. Mostovoy, Eur. Phys. J.

and J. S. Zou, Naturd_ondon 386, 229(1997). B 12, 217(1999.
2A. Urushibara, Y. Moritomo, T. Arima, A. Asamitsu, G. Kido, M. Uehara, S. Mori, C. H. Chen, and S.-W. Cheong, Natuomn-
and Y. Tokura, Phys. Rev. B1, 14 103(1995. don) 399 560(1999; M. Féh, S. Freisem, A. A. Menovsky, Y.
3K. Kubo and N. Ohata, J. Phys. Soc. J@8 21 (1972; N. Tomioka, J. Aarts, and J. A. Mydosh, Scierz®5, 1540(1999.
Furukawa,ibid. 64, 2734(1995. 97. Jirak, S. Krupicka, Z. Simsa, M. Dlouha, and S. Vratislav, J.
4A. J. Millis, P. B. Littlewood, and B. I. Shraiman, Phys. Rev. Magn. Magn. Mater53, 153(1985.
Lett. 74, 5144(1995. 10y, Tomioka, A. Asamitsu, Y. Moritomo, H. Kuwahara, and Y.

5J. M. De Teresa, M. R. lbarra, P. A. Algarabel, C. Ritter, C.  Tokura, Phys. Rev. Let{74, 5108 (1995; H. Yoshizawa, H.
Marquina, J. Blasco, J. Garcia, A. del Moral, and Z. Arnold, Kawano, Y. Tomioka, and Y. Tokura, Phys. Rev5B R13 145

Nature(London 386, 256 (1997. (1995.
6A. Lanzara, N. L. Saini, M. Brunelli, F. Natali, A. Bianconi, P. G. Y. Tokura and J. P. Hillprivate communication

Radaelli, and S.-W. Cheong, Phys. Rev. L8i, 878(1998. 12y yamada, O. Hino, S. Nohdo, R. Kanao, T. Inami, and S.
"A. Moreo, S. Yunoki, and E. Dagotto, Scien283 2034(1999; Katano, Phys. Rev. Let?7, 904 (1996.

D. Arovas and F. A. Guinea, Phys. Rev.58, 9150(1998; M. 13y, Endoh, K. Hirota, S. Ishihara, S. Okamoto, Y. Murakami, A.

024403-4



ORBITAL POLARONS AND FERROMAGNETC. .. PHYSICAL REVIEW B 63 024403

Nishizawa, T. Fukuda, H. Kimura, H. Nojiri, K. Kaneko, and S. Sarma, Phys. Rev. B4, 11 199(1996.

Maekawa, Phys. Rev. LetB2, 4328(1999. 18y, 1. Anisimov, J. Zaanen, and O. K. Andersen, Phys. Rev4B
Y¥R. Kilian and G. Khaliullin, Phys. Rev. B0, 13 458(1999. 943 (1997).
15T, Mizokawa, D. I. Khomskii, and G. A. Sawatzky, Phys. Rev. B 19T Mizokawa and A. Fujimori, Phys. Rev. B1, 12 880(1995:
" 61, R3776(2000. _ _ Phys. Rev. B54, 5368(1996.
A. E. Bocquet, T. Mizokawa, T. Saitoh, H. Namatame, and A.20T \Mizokawa and A. Fujimori, Phys. Rev. B6, R493(1997).
Fujimori, Phys. Rev. B16, 3771(1992. 213. van den Brink, G. Khaliullin, and D. I. Khomskii, Phys. Rev.

Y'W. A. Harrison Electronic Structure and the Properties of Solids | ot 83 5118(1999.
(Dover, New York, 1989 P. Mahadevan, N. Shanthi, and D. D.

024403-5



