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Spin, charge, and orbital structures in models for doped manganites are studied by a combination of analytic
mean-field and numerical relaxation techniques. At realistic values for the electron-phonon and antiferromag-
netic t,q spin couplings, a competition between a ferromagnéfiel) phase and a charge-orbital ordered
(COO) insulating state is found fox=1/4, 3/8, and 1/2, as experimentally observed in REaMnO; for
x=0.3-0.5. The theoretical predictions for the spin-charge-orbital ordering pattern are compared with experi-
ments. The FM-COO energy difference is surprisingly small for the densities studied, and the results compat-
ible with the presence of a robust colossal-magnetoresistive effect inGaMnO; in a large density interval.

The explanation of the colossal magnetoresista@dé¢R) simple scenario the CMR effect can only occur in a narrow
phenomenon in perovskite manganese oxides is currentlglensity window around.. Unfortunately, some experiments
one of the most challenging problems in condensed-mattesuggest that this scenario is incomplete. In fact, it is well
physics® In addition to their unusual magnetotransport prop-known that for Py_,CaMnO; (PCMO) (Ref. 9 the CMR
erties, manganites present a very rich phase diagram invoheffect occurs in avide density range 03x=<0.5, and at first
ing phases with spin, orbital, and charge order. Early invessight it appears that a simple level-crossing picture is not
tigations of these materials relied on the “doubIe-exchange’SUita_ble for this compound. . .

(DE) mechanism for ferromagnetism, in whiefj electrons It is the purpose of this paper to discuss a possible alter-
optimize their kinetic energy if the,, spins background is Native explanation for the CMR phenomenon in PCMO. In
polarized. However, this simple picture is not sufficient tothe scenario it is still claimed that at a fixed density small

rationalize the CMR effect since the properties of the insu—”.]""grll('jtlIC fI|e|dS can 'f!dtuce ';N,:tcr:]O l(tranzltlons t?\st '(;‘.ﬁthe
lating state involved in the metal-insulator transition play a>'MpPie IEVE-Crossing picture, but the key idea IS that difter-

key role. In fact, the understanding of thetype antiferro- ent types of CO phases are stabilized at different densities.

. . . . The calculations are here carried out at some special dopings,
magnetic(AFM) insulator LaMnQ requires a two orbital x=1/4, 3/8, and 1/2, for technical reasons to be discussed

model and strong electron-phonon or Coulomb interaction%emw’ and using the two-orbital model strongly coupled to
to induce the complex spin and orbital arrangement charaGe  jann-TellerJT) distortions. A remarkable result ob-
teristic of this state. The evolution of the undoped phase sepyed in the present study is that, for realistic parameters,
with light hole doping, and its eventual transformation into ape region of competition between FM and CO phases is
ferromagnetidFM) metal? is nontrivial and it is expected to found to occur virtually independently of namely for the
proceed through a mixed phase process involving nanometgame values of couplings. The FM-CO energy difference is
domains’ The conspicuous percolative characteristics of thesurprisingly small, as long as the CO state is optimized at
transition have been recently explained by the influence ogach density. These candidate CO phases competing with the
quenched disorder in the hopping and exchanges of manggam state are here described in detail. In previous literature it
nite models. is usual to find references to these statesxas 1/2 CO plus

At high hole densities neax=1/2 a strong CMR phe- defects,” due to their experimentally observed similarities
nomenon occur8.For example, in Ng,Sk,MnOs,” a low  with the x=1/2 charge arrangement, although they have dif-
magnetic field of a few Teslas is enough to induce a metalferent electronic densities. Here concrete examples of CO
insulator transition between the FM metallic and chargestates withx+ 1/2 are presented. The discussion below lead
ordered(CO) insulating phases. Based on recent computays to believe that similar conclusions would be obtained if
tional studies ax=1/2, that clearly showed the presence of aCcoulomb interactions were included in the calculations.
first-order level-crossing transition between the FM and CE- | et us consider the hopping o, electrons, tightly
type CO state8a simple picture to explain this result can be coupled to localized., spins and the JT distortions of the
constructed. At densities slightly above the critical hole dop4inO; octahedra. Their Hamiltonian is
ing X.~1/2 of the FM-CO transition it is reasonable to ex-
pect that small magnetic fields will transform the ground
state from CO to FM, since these states are close in energy. y_ _ a .t _ . /
However, the FM metallic and CO insulating phases have a : ) by CiyoCitay'o JHEi 5 SHJ {
guadratic and linear dependence wihrespectively, and
small magnetic fields will become rapidly ineffective to pro- +)\2 (Qu7+Qy7 _)+(1/2)2 (Q2-+Q2-) 1)
duce such a transition aggrows away fronx.. Thus, in this i P e R
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with Txi= E(f(CiTa(rCib(r—i_ Cinacia(r) and T4 = E(J'(Ci-ra(rcir;m'
- cin‘,cib(,), whereci,,, (Cipo) IS the annihilation operator for
an ey electron with spino in thed,2_,2 (ds,2_,2) orbital at
sitei, a is the vector connecting nearest-neighbor sites, anc

t;‘y, is the hopping amplitude betweenand y’ orbitals in

neighboring sites along the direction, given by t},
=—3tX,=—\3t{,=3t;,=3t/4 for a=x, t¥,=3t}
=3t} ,=3t},=3t/4 for a=y, andt?,=3t/4, t2,=t3, =t%,
=0 for a=z. The Hund couplingly(>0) links theey elec-
tron spinszEWﬁc;‘ya%BcW and the localized,, spin §
assumed classicall%|=1). J' is the AFM coupling be-
tween nearest-neighbott,y spins. The dimensionless
electron-phonon coupling constant As Q,; and Qg; are,
respectively, thex?—y?)- and (&?—r?)-type JT modes of
the MnQ; octahedron.

To simplify the model the widely used limidy=2 is
considered in this paper. In such a limit, tagelectron spin
perfectly aligns along thé,y spin direction, reducing the
number of degrees of freedonm\ is evaluated froma
=+/2E1/t, where the static JT enerdy;; is estimated as
E;;=0.25eV(Ref. 11 andt is typically 0.2 eV in narrow- 900 oos o010 015 0z o0z
band manganese oxides such as PCMO. Thus, in this paper J tunis or
is fixed as 1.6 to compare the theoretical predictions with FIG. 1. Energies per site ¥ of several spin arrangements for
experiments, but the results shown below are not much serta) x=1/4, (b) 3/8, and(c) 1/2 in a 44X 4 cubic lattice with PBC.
sitive to small changes in.*? In the rest of the paper, the The solid circles and lines are obtained by the relaxation method
importance of thel’ dependence of ground-state energies isand the MF approximation, respectively. The meanings of the lines
emphasized to address the FM-CO competition. are as foIIov_vs: thick soIidFM),_thick broken(pCE_), thin broken

To solve the Hamiltoniaf), in this paper both a numeri- (A-AFM), thick dashedrCE), thin dashedsCB), thick dot-dashed

cal relaxation technique and an analytic mean-figde) ap-  (CE) thin dot-dashedC-AFM), and dotted G-AFM). (d) Charge
roximation are employed. In the former, the optimized JTcorreIatlon function in the FM phase far=1/4 (solid circle, 3/8
P ) ’ (open squang and 1/2(solid diamond. (e) Schematic charge con-

distortion andt,q spin configuration are determined numeri- figuration for the FM insulating phase at=1/4. To save space,
cally by the simplex method. Although the result is very only a 2x2x 4 cluster is shown, but the structure is periodically

accurate, considerable CPU time is needed to achieve cofspeated in all directionsf) Energy differenceSE between the FM
vergence, and it is difficult to treat large clusters with thisang co phases vs for J’=0.09. The broken curve is a spline

method. In fact, the cluster studied here is&45<4 cube interpolation. Note that the region with positid& corresponds to
with periodic boundary condition$BC). However, this lat-  a co ground state.

tice size is enough for the present investigatiorxatl/4,

3/8, and 1/2. If other dopings such as-0.3 and 0.4 are Now let us analyze our results for=1/4, 3/8, and 1/2
studied, larger size lattices should be treated due to the conbFigs. 1a)-1(c)], studying energies v4’ for several spin
plexity of the CO states described here, which typically havepatterns. The MF results agree accurately with those of the
a large unit cell. In the analytic approach, on the other handielaxation technique, confirming the reliability of the MF
the JT distortion is determined self-consistently at each sitéhethod. ForJ’<0.1, the FM phase is stabilized and it is
using the relation®,;= —\(7,;) and Q= —\(7,), where insulating atx=1/4, as shown in Fig.(#l) where sharp peaks
the bracket denotes the average value. In this approach, epan be observed in the Fourier transform of the charge cor-
ergies for a variety of possiblg, spin patterns are compared relation function defined a®i(q)=(1/N)=;e™'4~I((n,

to find the lowest-energy state. This method has the advan=n)(n;—n)). Here N is the total number of sitesp;
tage that a large-size lattice can be treated without muck X, ciTWciW, andn(=1-x) is the average electron num-
CPU time, but it must be checked whether the obtaineder per site. The peaks in Fig(d) indicate a CO pattern,
structure indeed corresponds to the lowest-energy state. Sushhematically shown in Fig.(&), in which two-dimensional

a check is here carried out by comparing MF and unbiase@D) planes withn=1 and 1/2, respectively, are stacked
numerical results. Thus, the combination of the analytic andilong thez axis*® This charge-ordered FM insulating phase
numerical techniques is powerful to obtain accurate predicemerging from our calculations may be experimentally de-
tions rapidly. In addition, the reliability of the relaxation tected for PCMO. Note that the “FM insulating” phase of
technique has been checked by comparing data with unbmanganites has not been analyzed in detail in previous stud-
ased Monte CarldMC) simulationst® At x=0, the agree- ies, and here it is conjectured that it has charge ordering. For
ment between the relaxation technique and MC simulatiorx=3/8 and 1/2, the FM phases are found to be metallic, since
was excellent in any dimensions within errorbaisdicating  no clear peak can be observedrif). This insulator-metal

the reliability of the present combined analytic-numeric ap-change in the FM state as a functionofigrees quite well
proach. with PCMO experiments.
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(@) ‘ 0 oo o ob_taineq by shifting(a)_ by one lattice spa_cing along the
80 g axis. This structure, with no charge stacking, was suggested
¢ ¢« (©) f as a possiblec=1/2 ground state, if the NaCl-type CO oc-
oo o ’ o] P! z curs due to the strong nearest-neighbor repul&idgiv) “ro-
20} | | ®pCE(x=3/8) 1} 1

tated CE-type” (rCE), in which patternga) and (d) stack
along thez axis alternatively. Note thatd) is obtained by
rotating (a) by 7= around a certain corner site in the zigzag
FM chain in thex-y plane, or by a two lattice spacing shift.
Both the rCE and sCE states have the same number of AF
and FM links and their energies ajé-independent.

As observed in Figs. (8—-1(c), both the pCE and rCE
phases compete with the FM phasexer1/4 and 3/8, while
at x=1/2, both the sCE and, especially, the CE phase are
competitive with the FM phase. As for the CO pattern, the
CE, pCE, and rCE phases exhibit the charge stacking due to
a peak inn[q=(,7,0)] [Fig. 2(e)]. On the other hand, the
sCE phase has the NaCl-type charge ordering with a peak at
g=(m,m,m). Since experimentallyz-axis charge stacking
has been observed, the pCE-, rCE-, and CE-type phases are
the best candidates for the ground state of the CO phases,
since their energies are low in the analysis reported here.

Now consider the spin correlation§(q)=(1/N)Z;;
e 907 (5.5). The spin patterns of the states found by
combining Fig. 2a)—2(d) have the characteristic zigzag FM
chains in thex-y plane, leading to peaks atr(0,q,) and
(7/2,712,9,), where q, depends on the stacking arrange-
ment. For pCE- and CE-types, is given by O andm, re-

! | 0sCE(x=1/2)

FIG. 2. (a)—(d) Four types of AFM CE-type spin configurations
in the x-y plane. Solid and open symbols indicate up and doyyn

spins, respectively. The lobes indicatex{3-r?) or (3y*~r?) or- spectively, due to the FM- and AFM-spin stacking along the
bital at Mr?* site, while the circles denote either Khor an im- 7 axis [Fig. 2(f)]. For rCE-type, the peaks appear at0,0)

perfectly doped site. The stacking along #heexis of (a)-(a), (a)-(b), . i
(a-(c). and (a)-(d) lead to pCE, CE, sCE, and rCE phases, respec-and (wl2,7/2,7), since half the-axis bonds are FM and half

tively. (e) Charge correlation for pCE, CE, sCE, and rCE phases.AF' For sCE-type, four peaks exist atw’o’.qZ) and
For pCE- and rCE-types, results @t 3/8 are shown, while for (77/2’77/2”_2) with g,=0 andﬂ'gln neutron experiments for
SCE- and CE-types is chosen as 1/2f) t,4 spin correlations for PCMO with x=0.3 and 047 a peak was found ag
pCE, CE, sCE, and rCE phases. =(m/2,m/2,0), suggesting that the pCE state is the best can-
didate for the ground state in 0=83x=<0.4. The well-defined
Around J’'~0.1, a close competition occurs among thecharge and spin arrangement discussed here considerably im-
FM phases and several CE-type CO stdtesbe described proves over previous more vagug=1/2 CE-type plus de-
laten, indicating that a small perturbation can easily induce dects” descriptions of this state. At=1/2, the (@/2,7/2 1)
first-order transition between FM and CO phases. It shoulgreak® indicates the CE-type as the ground state.
be emphasized the remarkable result that such a competing Note that the present results do not always provide the
region doesnot sensitively depend om, suggesting that a pCE-type as the lowest-energy state in a sizable regiaki of
CMR phenomenon can occur in a wide rangexodis ob- at x=1/4 and 3/8. To stabilize the pCE phase it may be
served in PCMO fox=0.3-0.5. In fact, as shown in Fig. necessary to include the Coulomb interactions, especially the
1(f), the energy difference between the FM and CO phasegearest-neighbor repulsion In fact, if the nearest-neighbor
are 0.004 ak=3/8 and 0.018 ax=1/2 for J’=0.09. Iftis  charge correlatiorCyy=X;;(pip;) is evaluatedCyy for
assumed to be 0.2 eV, those are about 8 and 36 Tesla, similtire pCE phase is found to be smaller than that of the rCE-
values as observed in the experiméfits. type, indicating that rCE-type is indeed more energetically
Let us discuss the detail structure of the CO phase arounplenalized by. Thus, it is reasonable to expect that a stabil-
J’'~0.1. Our results suggest that the possible CO phases aity “window” for the pCE state will appear if it were pos-
given by several combinations of the 2D CE-type AFM spinsible to include accurately the Coulomb interactions. Note,
pattern. To simplify the discussion, the CE-type AFM con-however, that the size of such a “window” will sensitively
figuration in Fig. Za) is used as the basic pattern. The pos-depend on the parameter choice, cluster size, and approxima-
sible ground states are classified into four types by the stackions, since a small perturbation can easily modify ground-
ing manner along theaxis. (i) “the planar CE-type”(pCE), state properties in a region where several states are
in which the patterr(a) stacks along the axis without any competing'’ Moreover, atx=1/2, the sCE phase with the
change.(ii) “CE-type” (CE), in which the patternga) and  NaCl-type CO will be stabilized iV is very large, making
(b) stack along the axis alternatively. Note that this is the the situation more complicated since it is known that charge
CE-type AFM structure observed in several half-doped manstacking, not present in the sCE phase, occurg=af/2.
ganites.(iii) “shifted CE-type” (sCB), in which patternga) Nevertheless, from our present analysis it can be safely con-
and (c) stack along the axis alternatively. Note that) is  cluded that either the pCE or rCE states can be the lowest-
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energy state and play the role of the experimentally observedrbitals along thez axis is important. Namely, for the pCE

CO phase in the interesting region of PCMO. and rCE phases, the x3—r?) and (3/2—r?) orbitals stack
Let us now discuss the neglect of the Coulomb interacin ferromagnetic and antiferromagnetic patterns, respec-

tions in our calculations. On one hand, the electronic proptively. This difference can be detected for PCMOxat 3/8

erties originating from the JT phonons are known to be quiteby using the resonant x-ray scattering technique.

similar to those from the strong on-site correlation, since the * Fing]ly, the possibility of spin canting is here briefly dis-

energy gain due to the JT distortion is maximized when onlyessed. For pCE-type at=3/8, thet,, spins canting be-

onee, electrr(])n is p_resef?t at afgigen site. In fact,lin_the MFtween two adjacent-y planes along the axis was studied

treatment, the main effect of the on-site correlation IS a,5 5 hossible way to convert continuously from pCE-type to
renormalization of the effective electron-phonon coupling. E-type. However, when the ground-state energy is plotted
Thus, the present results are qualitatively unchanged even gainst the canting’] angle, local minima were found only at

e electo, Corlato 1= clded expliy. On the 9% anges conesponding o the exeme cases pCE- and CE.
’ ) . ’ t , and the spin canting phase was not stabilized in the
lomb interaction may be different among the several Coypes a € spin ¢ g phase ot stabilized

. “present work. However, the existence of the spin cantin
states and the FM phase. However, the Coulomb mteractloEt P 9

o L i . . nn lly excl if a finite val i
is ineffective in the CO insulating states, since the doubIecoar;[gidcearedOt be totally excluded if a finite value Bf is

occupancy is already suppressed due to the strong JT effect. Summarizing, spin-charge-orbital ordering in manganites

In the 3D metalhc'FM s.tate, due to th? screening effect, th‘:‘has been investigated at1/4, 3/8, and 1/2 using analytical
long-range repulsion will not be crucial. As for the short- and numerical techniques. For fixed valueshofind J', it

range part, it is expected to be irrelevant if the Fermi-liquidhas been found that the energy difference between the FM
description is applied. Thus, the energy difference between .

L .~ ~and CO phases is remarkably small for 1/4, 3/8, and 1/2,
the CO and FM phases & priori not expected to be seri-

ously affected by the electron correlation. Nevertheless, 1‘urmed a small magnetic field can induce a CO-FM transition.

ther work with the full Hamiltonian is needed to fully con- This result is a first step toward a possible explanation of the
' ) X y CMR effect in PCMO which occurs in a robust density
firm our results and that effort will be carried out in the . -
: . : . range. Contrary to previous descriptions of these states as
future using numerical and mean-field techniques “x=1/2 plus defects,” here it has been shown that specific
As for the orbital ordering, the alternation of X3-r?) P : P

and (32— r?) orbitals appears in the-y plane, although the charge arrangements without defects can be constructed to

exact orbital shape is slightly dependent on the stackingrii%riss?:; T_faf,cics;ftﬁfﬁ gx_pgtji:n%r:tc:ctlons ean be verr

manner. At the corner sites in the FM zigzag path, except for
sCE phase, our calculation suggests that the orbital is polar- The authors thank H. Yoshizawa for useful conversations.
ized along thez axis and the (3°—r?) orbital is occupied. T.H. was supported by the Ministry of Education, Science,

This result agrees well with the experimental 4% To  Sports and Culture of Japan. E.D. was supported by Grant
distinguish between pCE and rCE phases, the stacking dfo. NSF-DMR-9814350.
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