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The main properties of realistic models for manganites are studied using analytic mean-field approximations
and computational numerical methods, focusing on the two-orbital model with electrons interacting through
Jahn-TelleJT) phonons and/or Coulombic repulsions. Analyzing the model including both interactions by the
combination of the mean-field approximation and the exact diagonalization method, it is argued that the
spin-charge-orbital structure in the insulating phase of the purely JT-phononic model with a large Hund
coupling Jy is not qualitatively changed by the inclusion of the Coulomb interactions. As an important
application of the present mean-field approximation, the CE-type antiferromagnetic state, the charge-stacked
structure along the axis, and (%%—r?)/(3y2—r?)-type orbital ordering are successfully reproduced based on
the JT-phononic model with largd, for the half-doped manganite, in agreement with recent Monte Carlo
simulation results. Topological arguments and the relevance of the Heisenberg exchange among tggalized
spins explains why the inclusion of the nearest-neighbor Coulomb interaction does not destroy the charge
stacking structure. It is also verified that the phase-separation tendency is observed both in purely JT-phononic
(largeJy) and purely Coulombic models in the vicinity of the hole undoped region, as long as realistic hopping
matrices are used. This highlights the qualitative similarities of both approaches and the relevance of mixed-
phase tendencies in the context of manganites. In addition, the rich and complex phase diagram of the
two-orbital Coulombic model in one dimension is presented. Our results provide robust evidence that Cou-
lombic and JT-phononic approaches to manganites are not qualitatively different ways to carry out theoretical
calculations, but they share a variety of common features.

. INTRODUCTION close ton=1 (wheren is thee, electron number density per

) ) site) between an antiferromagnetiéFM) insulating phase
The recent discovery of the colossal magnetoresistancgng a metallic FM state. Several calculations have confirmed
(CMR) phenomenon in manganites has triggered a huge eXnese tendencies toward mixed-phase characteristics, using a
perimental and theoretical effort to understand its orfdfin. variety of technique®’ Moreover, the computational work
The large changes in resistivity observed in experiments Usls,s peen extended to include noncooperative Jahn-Teller

ally involve both a Iow—temperature or high magnetic-field(J-D phonon&! and PS tendencies involving spin-FM phases
ferromagnetioFM) metaliic phase, and a hlgh-temperaturethat differ in their orbital arrangement, i.e., staggered vs uni-

or low magnetic-field insulating phase. For this reason, tq‘orm were again identified using one-dimensiofied) and

address the CMR effect, it appears unavoidable to have . . .
proper understanding of the phases competing with the mefa\_/vo-dlmensmna(ZD) clusters. This illustrates the relevance

tallic FM regime, which as a first approximation can bef)f the orbital degree of freedom in the analysis of mangan-

rationalized based on the standard double-exchang!ées' and confirms the importance of mixed-phase character-

mechanisn? In fact, the phase diagram of manganites hadstics in_this context. The theoretical, mostly_ computational,
revealed a very complex structure, clearly showing that me(_)a|CU|1<':21tIOI’IS have been recently summarized by Moreo
tallic ferromagnetism is just one of the several spin, orbital €t @l.~ where it has been argued that a state with clusters of
and charge arrangements that are possible in mangafiites. one phase embedded into another should have a large resis-
Theoretical study of manganites started decades ago whéiyity and a large compressibility. Other predictions in
the double-exchange ideas to explain the FM phase wer@ixed-phase regimes involve the presence of a robust
proposed. Unfortunately, the model used in those early capseudogap in the density of statéssimilar to the results
culations involved only one orbital, and the many-body tech-obtained using angle-resolved photoemission experiments
niques used in its analysis were mostly restricted to crudepplied to bilayer manganité8. A large number of
mean-field approximationdVFA). Quite recently, computa- experiments’ have reported the presence of inhomogeneities
tional studies of the one-orbital model for manganites havén real manganiteS, ™’ results compatible with those ob-
been presented by Yunokt al.”~® While the expected FM tained using computational studies. More recently, the influ-
phase emerged clearly from such analysis, several featuresnce of disorder on metal-insulator transitions of manganite
were identified, notably phase-separati@®S tendencies models that would be of first-order character without disor-
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der has been proposédas the origin of the large cluster lomb interactiorf® In this direction of study, several results
coexistence reported in experiments for severakre available in the literature. For instance, Ishihatal.
compounds®’ It is clear that intrinsic tendencies toward discussed the spin-charge-orbital ordering from the limit of
inhomogeneous states is at the heart of manganite physid$e infinitely strong electronic correlation, namely, under the
and simple scenarios involving small polarons are not suffiapproximation of no double occupantyMaezonoet al.
cient to understand the mixed-phase tendencies observed gx-ovided information on the overall features of the phase
perimentally. diagram for manganites by using a mean-field calculaon.
Although the presence of mixed-phase tendencies coniFhese two mean-field approaches do not reproduce the CE
peting with the FM phase is by now well established and &state of half-doped manganites. Mizokawa and Fujimori dis-
considerable progress has been achieved in the theoretic@lissed the stabilization of the CE-type structure by using the
study of models for manganites, many issues still remain tenodel Hartree-Fock approximatiéh.However, to the best
be investigated in this context. One of them is related withof our knowledge, the origin of the charge-stacked structure
the notorious charge-ordering phenomenon, characteristic @f the CE-type state has not been clarified based on the Cou-
the narrow-band manganites. Especiallynat0.5, the so-  |ompic scenario, although several properties of manganites
called CE-type AFM phase has been widely observed in manaye been reproduced. In this paper, a possible way to un-
terials such as LgCa sMnO; and N sSto.sMnOs. In spite  gerstand the CE-type state with the charge-stacked structure

of the considerable importance of this phase in view of its;, the purely Coulombic model, even without the long-range
relevance for the CMR effect reported at high hole derfsity, repulsion, is briefly discussed.

it is only recently that the CE phase has been theoretically The present paper contains information about other sub-

understood using the analytic MFA in the JT-phononic. . . o .
modet®2° and nu%1erical corzputational techniq&é@g The jects as well. In spite of the importance of additional inter-

importance of the zigzag chains of the CE state, along Whicﬁtcnons besides the long-range Coulombic one to stabilize the

the spins are parallel, has been remarked in these recent &roper charge-stackeu=0.5 state, as discussed before, it is

forts. In fact. it has been shown that even without eIectron-CIear that at least the on-site Coulomb interactions are very

phonon or Coulomb interactions the CE state structure istrong gnd their influence shoqld be cons_idered in realistic
nevertheless stable, and in this limit it arises from a simplef@lculations. Most of the previous analytic and computa-
band-insulator picture. Previous work, such as the pioneeringonal works that reported the PS tendency and the CO phase
results of Goodenougfi,were based on thassumptiorof a ~ have used electrons interacting among themselves indirectly
checkerboard charge state upon which the spin and orbitéhrough their coupling with localizet, spins or with JT
arrangements were properly calculated, but they did not corphonons. The JT-phononic model, supplemented by a large
sider the competition with other charge-disordered phases iHund coupling, has been extensively studied by the present
a fully unbiased calculation as carried out in Refs. 19-22. authors since the explicit inclusion of on-site Coulomb inter-
Here a particular feature of the charge-ordef@®) CE-  actions diminish dramatically the feasibility of the computa-
phase structure should be noted. In #g plane, the MA* tional work. In addition, it has been found that the JT-
and Mrf* ions are arranged in a checkerboard pattern, whiclphononic model explains quite well several experimental
naively seems to arise quite naturally from the presence of eesults, even if the Coulomb interaction is not included ex-
strong long-range Coulomb interactiGhtHHowever, contrary  plicitly. Moreover, it should be noted that the energy gain
to this naive expectation, the same CO pattern stacks in extue to the static JT distortion at lardg is maximized when
periments along the axis without any change, although the only onee, electron is located at the JT center. Confirming
t,4 spin direction alternates from plane to plane. In otherthis expectation, the double occupancy of a given orbital has
words, the MA*™ and Mrf* ions in the CE-type AFM struc- been found to be negligible in previous investigations at in-
ture donot form a three-dimensional3D) Wigner-crystal termediate and large values of the electron-phonon coupling,
structure, clearly suggesting that the origin of the CO phasand in this situation, adding an on-site repulsion would not
in the half-doped manganitannotbe caused exclusively by alter the physics of the state under investigation. Neverthe-
a dominant long-range Coulomb interaction. Other interacless, although the statements above are believed to be quali-
tions should be important as well. In this work, it is shown tatively correct, it should be checked explicitly in a more
that the charge-stacked CO state in the CE-type structunealistic model that indeed the physics found in the extreme
found in experiments can also be obtained in the simplease of only phononic interactions survives when both JT
MFA for the purely JT-phononic model with a large Hund phononic and Coulombic interactions are considered. Thus,
couplingJy . In addition, it is shown that this structure is not another purpose of this paper is to clarify the validity of the
easily destroyed by the inclusion of the nearest-neighbodT-phononic only modellarge J,) by showing that the in-
Coulomb interaction. The exchangkg between thet,;  clusion of the Coulomb interaction does not bring qualitative
spins plays a key role in the stabilization of the charge-changes in the conclusions obtained from the purely
stacked structure. The details of the calculation are discussgzthononic model. For this purpose, an analytic-numeric com-
here. The present semianalytical results are in excellertination is employed, namely, the MFA including Coulom-
agreement with recent Monte Carlo simulatithand pro-  bic terms is developed in detail and the results are compared
vide a simple formalism to rationalize these computationaWwith exact diagonalization data for a small cluster. In addi-
results. tion, the PS tendency is reexamined briefly within the frame-
On the other hand, it is possible to take another approactvork of MFA, and some comments on previous results are
to understand the CO state in manganites including the CEprovided. It is clear that addressing whether purely JT
type structure, by emphasizing the role of the on-site Couphononic or purely Coulombic approaches lead or not to
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qualitatively different phase diagrams is an important area omodel are already available in the literat(ré Although the

investigation. PS tendencies have been identified in this context, it is clear
As a special case of the general goal described in théhat the one-orbital model is not sufficient to describe the

previous paragraph, the issue of PS in the presence of Coueh physics of manganites, where the two active orbitals

lomb interactions will also be studied in this paper usingplay a key role and the CO state close to density 0.5 is

computational techniques. In fact, it has not been analyzedrucial for the appearance of a huge MR effect at this den-

whether models with two orbitals and Coulomb repulsionssity. Thus, in this paper, the two-orbital model is discussed to

i.e., without JT phonons, lead to mixed-phase tendencies asmderstand the manganite physics, by highlighting the

pure phononic models do. In this paper it is reported that @omplementary roles of the JT phonon and Coulomb inter-

study of a simple 1D two-orbital model without phonons butactions.

with strong Coulomb interactions, produces PS tendencies

similarly as reported in previous investigations by our A. Hamiltonian

group!! Several features are in qualitative agreement with ) ,

those observed using JT phonons, illustrating the similarities €t US consider doubly degenerateglelectrons, tightly

between the purely phononic and the purely Coulombic apcCUPled to localized,4 spins and local distortions of the

proaches to manganites, and the clear relevance of mixedNOs Octahedra. This situation is described by the Hamil-

phase characteristics for a proper description of these contonianH composed of five terms

pounds. It is concluded that simple models for manganites,

once studied with robust computational techniques, are able H=Hyin T Huunat Harm+ Het-pht Hei-ei- @

to reveal a complex phase diagram with several phases hayye first term indicates the hopping motion &f electrons,
ing characteristics quite similar to those observed experimengiven by

tally.

The organization of the paper is as follows. In Sec. Il, a A
theoretical model for manganites is introduced, and several Hyin=— 2 tw,dfwdiﬁy,g, 2
reduced Hamiltonians are discussed in preparation for the iayy'o

subsequent investigations. Section Ill is devoted to M'_:Awheredia{, (dip,) is the annihilation operator for @, elec-
The formulation for MFA is provided and a comparison with ron with spino in thed,z_ 2 (ds,2_2) orbital at sitei, ais

the exact diagonalization result is shown to discuss the v : . : ;
%he vector connecting nearest-neighbor sﬂes,t&/gdls the

lidity of the MFA. It is argued that the JT-phononic interac- rest-neiahbor hooping amplitude betw d+' orbit
tion plays a role as relevant as the Coulombic interaction afcarest-neighbor nopping ampiitude betwgeandy" orbit-
als along thea direction. The amplitudes are evaluated from

suggested from the viewpoint of the continuity of the orbital- : 29
ordered(OO) phase. In Sec. IV, as an application of thethe ovsrlap integral between manganese and oxygenions,
given by

present MFA, the CO/OO structure in half-doped manganite
is studied. Especially, the origin of the CE-type state with the M M X M
charge-stacked structure is discussed in detail. In Sec. V, the o — V3ta=— V3th.=3th=t, )
PS tendency is studied in the framework of the MFA for thetq the x direction,
purely JT phononic and Coulombic models. In Sec. VI, the
two-orbital 1D Hubbard model is analyzed using the density y — y — Y —2tY —
matrix renormalization-grougDMRG) technique. Even in taa= V33 V3tha=3th=t, @
the purely Coulombic model, PS tendencies and CO phasder they direction, and
are observed. Finally, in Sec. VII, the main results of the
paper are summarized. The main overall conclusion is that thp=4t/3 12 =t2=t{.=0, (5)
studies based upon purely JT phonoflarge J,) or Cou-
lombic approaches doot differ substantially in their results, for thez direction. Note thaty, (equal tot}, by symmetry is
and there is no fundamental difference between them. Fdiken as the energy scaleAs for the value of, it is esti-
reasons to be described below, of the two approaches thpated as 0.2-0.5 e¥.
best appears to be the phononic one due to its ability to select The second term is the Hund coupling between ¢ge
the proper orbital ordering pattern uniquely. PS appears iglectron spirs and the localized,4 spin S, given by
purely phononic and purely Coulombic approaches as well.
In the Appendix, the relation between the PS scenarios for Hoo e 2 6
cuprates and manganites is discussed. Throughout this paper, Hund™ — ~H< $S )
units such thati=kg=1 are used.
with §=3 50} ,0,4d;,5, whered,(>0) is the Hund cou-
pling, ando=(oy,0y,0,) are the Pauli matrices. Note here
Il. MODELS FOR MANGANITES that thet,, spins are assumed classical and normalized to

In order to explain the existence of ferromagnetism at Iovv|3| =1. _
temperatures in manganites, the double-exchange mecha- '€ third term accounts for the-type AFM property of
nism has been usually invokéd.In this framework, holes Manganites in the fully hole doped limit, given by
can improve their kinetic energy by polarizing the spins in
their vicinity. If only onee, orbital is used, the FM Kondo or Hoco=J . 7
one-orbital model is obtained,and several results for this AFM AF<i§,j:> S, )
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whereJ g is the AFM coupling between nearest-neighbgy
spins. The value of s will be small in units oft to make it

compatible with experiments for the fully hole-doped

CaMnQ; compound!
In the fourth term, the coupling o, electrons to the
lattice distortion is considered &s3*

Heph= giE [Qui( Ay iay+ Ay ine) + Qai( iy
T T _ At
+ dib(rdiarr) + Q3i(dia(rdiarr dib(rdib(r)]

(122 [kn Qi ksl Q5+ Q5)], ®)
whereg is the coupling constant betweeq electrons and
distortions of the Mn@ octahedronQ; is the breathing-
mode distortionQ,; andQs; are, respectively, the JT distor-
tions for the &?—y?)- and (%?—r?)-type modes, andy,
(kyp is the spring constant for the breathidy) mode dis-
tortions. Note here
adiabaticallj®3®and noncooperativefy/-*® An important en-
ergy scale characteristic df_py, is the static JT energy,
defined by

Eyr= 92/ (2Ky7), 9

which is naturally obtained by the scaling o,
=(9/kynq, with u=1, 2, and 3, wherg/k;r is the typical
length scale for the JT distortion. By usitigyr andt, it is
convenient to introduce the nondimensional electron-phon
coupling constanh as \=+2Ej;/t. The characteristic en-
ergy for the breathing-mode distortion is given Mgy,
=0°/(2Kkgy) =Eyr/ B with =Ky, /K.

The last term indicates the Coulomb interactions betwe
ey electrons, expressed by

E PiasPibs’

R ’
loo

Hel—e|=Ui2 PiytPiy, T U’
Y

+J> d

ioco’

?andrbg’dian’dibo—i'v% pipj, (10)
with p,,=dl,di,, and pi=3,,pi,,, whereU is the in-
traorbital Coulomb interactionl)’ is the interorbital Cou-
lomb interaction,J is the interorbital exchange interaction
andV is the nearest-neighbor Coulomb interaction. Note th
the Hund-coupling ternH ,,q between conduction and lo-
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that the distortions are treated
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FIG. 1. Schematic representation of the two approachalsn-
Teller and Coulombicto the realistic situation based on the sim-
plified modelH™.

sential physics is to take the widely used lindjt=.3° In

such a limit, thee, electron spin perfectly aligns along the
t,4 spin direction, reducing the number of degrees of free-
dom. Moreover, there is a clear advantage that both the in-
traorbital on-site term and the exchange term can be ne-
glected inHg_g. Thus, the following simplified model is
obtained:

H*= —.E, Si,i+at37rCiTyCi+ay'+\]AF<izj> S-S
iayy '
+E.]T2i [2(agini+ ziTxi+ UsiTz) + 84S+ 95+ 5]

+U' Y nianib+v<z> nin;, (12)
i 1]

where c;, is the spinlesse, electron operator, given (%
ci,=Ccos@/2)d;,; +sin(@/2)e ' %d,,, , the angless; and ¢;

odefine the direction of the classicg, spin at sitei, n;,
:CiTyCiya ni=2,n;,, Txi:CiTaCib+ CinCia1 and 7,=CiCia
—cincib. Here S;; denotes the change of hopping ampli-
tude due to the difference in angles betweeg spins at

€Bites i and j, given by &j;=cos@/2)cos@/2)
+sin(@/2)sin@/2)e "¢~ ). In principle, §; and ¢; should
be optimized to provide the lowest-energy state. However, in
the following analytic approach, only spin configurations
such that nearest-neighbtyy spins are either FM or AFM
will be considered. Namely, the spin canting state is ex-
cluded from the outset. The validity of this simplification is
later checked by comparison with the numerical results ob-
tained from a relaxation technique. Note that this simplifica-
tion does not restrict us to only fully FM oB-type AFM
states, but a wide variety of other states, such as the CE-type

' one, can also be studied.

al Based on the reduced Hamiltoni&ti®, it is possible to
consider two scenarios for manganites, as schematically

calized spins also arises from Coulombic effects, but in thispown in Fig. 1. Temporarilyy will not be taken into ac-

paper, the “Coulomb interaction” refers to the direct elec-

trostatic repulsion betweeg, electrons. Note also that the
relationU=U"+2J holds in the localized ion system. Al-
though the validity of this relation may not be guaranteed
the actual material, it is assumed to hold in this paper
reduce the parameter space in the calculation.

B. Reduced Hamiltonians

count to focus on the competition betwep andU’. One

of them is the JT-phonon scenario in whidh is considered
_as a correction into the purely JT-phononic mod¢f;
'tnzH”(U’ZO,V=O) taken as starting point. Another is the
% oulomb scenario where the JT distortion is a correction into
the purely Coulombic Hubbard-like modéfici=H"(E;r
=0). Of course, if the many-body analysis were very accu-
rate then there should be no difference between the final

The Hamiltonian Eq(1) is believed to define an appro- conclusions obtained from both scenarios when the realistic
priate model for manganites, but it is quite difficult to solve situation,E;;>0 andU’>0, is approached. However, if this
it exactly. In order to investigate further the properties ofrealistic situation can be continuously obtained from the lim-
manganites based dd, some simplifications and approxi- iting casesU’=0 or E;;=0, then it is enough to consider
mations are needed. A simplification without the loss of es-only the limiting modelsH7; or HE to grasp the essence of
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the manganite physics. On the other hand, it may also occur TABLE I. Phase¢; and the corresponding;-electron orbitals.
that starting in one of the two extreme cases a singularity
exists preventing a smooth continuation into the realistic re- & a orbital b orbital
gion of parameters. In this case, just one of the scenarios

: . N IS case, Just ohat] 0 x*—y? 3z°—r?
would be valid. For investigations in this context, the simpli- /3 3v2—r2 22 y2
fied modelH” certainly provides a good stage to examine 23 yz_zz 322
the roles ofu’ andE;r. In the following section, this point i 3y2_ 2 22
will be discussed in detail. Z /3 22 r2 ; 2 y2

Another possible simplification could have been obtained 7 z ;X 2 yz 42
57/3 3X—r y°—z

by neglecting the electron-electron interactioHmut keep-
ing the Hund coupling finitébut large, leading to the fol-
lowing purely JT-phononic model with active spin degrees
of freedom™®® H jr=Hyin+Hpunat Hagm+ Her—pn.  Note
that this model is reduced td; when the limitJ = is
taken. To solveH s, numerical methods such as Monte
Carlo techniques and the relaxation method have been em-
ployed in the past'*®However, here this model will not be  First let us rewrite the electron-phonon term by applying a
discussed explicitly, but the simplified versiéhy; will be  simple standard decoupling such ag,;7,i~(02i) 7
investigated in the next section. Qualitatively, the negligible+ g, 7,;) —{(d2){ 7y}, Wwhere the bracket means the average
values of the probability of double occupancy at laige value using the mean-field Hamiltonian described below. By
justifies the neglect of._ . In addition, the results of re- minimizing the phonon energy, the local distortion is deter-
cent studies addressing tietype AFM phase of the hole- mined in the MFA asg;;=—(n;}/ B, 0= —{7y), and g
undoped limit using cooperative JT phonons have beer —{,). Thus, the electron-phonon term in the MFA is
shown to be quite similar to those found with pure Coulom-given by
bic interactions? the latter treated with the MFA.
Nevertheless, in spite of the above discussed indications ME
that the JT and Coulomb formalisms lead to similar physics, | e-ph™ —22 [Eodmi)ni+ Egr((7) T+ (720) 721)]
it would be important to verify this belief by studying a
multiorbital model with only Coulombic terms, without the 2 2 2
extra approximation of using mean-field techniques for its +Zi [Eodmi)*+ Egrl{7) "+ (7)) ].
analysis. Of particular relevance is whether PS tendencies
and charge ordering appear in this case, as they do in the Now let us turn our attention to the electron-electron in-
JT-phononic model. This analysis is particularly importantteraction term. At a first glance, it appears enough to make a
since, as explained before, a mixture of phononic and Cousimilar decoupling procedure fdd_.. However, such a
lombic interactions is expected to be needed for a propefiecoupling cannot be uniquely carried out, sindg_g is
quantitative description of manganites. For this purpose, yshvariant with respect to the choice ef-electron orbitals
another simplified model will be analyzed in this paper:  due to the local S(2) symmetry in the orbital space. Thus,
to obtain the OO state, it is necessary to find the optimal
He=Huin T Hel-el- (12) orbital set by determining the relevaet-electron orbital
Note that this model cannot be exactly reducedfo, since self-consistently at each site. For this purpose, it is useful to
the Hund coupling term betweesy electrons and,, spins is ~ €XPressi; andqg; in polar coordinates as
not explicitly included. The reason for this extra simplifica- )
tion is that the numerical complexity in the analysis of the Ozi=0;sing;, 0sz=0;COSé, (14

model is drastically reduced by neglecting the localitgd \,are g; and & are, respectively, determined ag;
spins. In the FM phase, this is an excellent approximation_ o '+<T 3 Iand £= mttan {((rg) (7)) in th(la
XI pdl I XI p|

but not necessarily for other magnetic arrangements. Never., . o A :
theless the authors believe that it is important to establisé/I FA. BZ u3|nqthe pi?;azsé., Cia NACp are.transformedlnto
and cj, as Cj,=€'*" ;4 CosE/2) + cipsiné/2)] and ¢y

with accurate numerical techniques whether the PS tendeftia o >
16020 — ¢, sin(&/2)+ cip cosE/2)]. Note that the phase

cies are already present in this simplified two-orbital models— € ™1 :
with Coulomb interactions, even if not all degrees of free_factor is needed for the assurance of the single-valuedness of

dom are incorporated from the outset. Adding e 3/2 the basis function, leading to the molecular Aharonov-Bohm

19
quantum localized spins to the problem would considerablyF{fect:

increase the size of the Hilbert space of the model, making it !t Should be noted that the phagedetermines the elec-
intractable with current computational techniques. tron orbital set at each site. For instanceéat2#/3, a and

b denote thed,> ,» and ds,2 ;2 orbital, respectively. In

Table I, the correspondence betwegrand the local orbital

is summarized for several important valuesépf Note here
Even a simplified model such &” is still difficult to be  thatds,2_,2 anddsy2_,2 never appear as the local orbital set.

solved exactly except for some special cases. Thus, in thig recent publication! those were inadvertently treated as

section, the MFA is developed fét™ to attempt to grasp its an orthogonal orbital set to reproduce the experimental re-

essential physics. Note that even at the mean-field level, dugults, but such a treatment is essentially incorrect, since the

care should be paid to the self-consistent treatment to lift the
double degeneracy igy electrons.

A. Formulation

(13

Ill. MEAN-FIELD APPROXIMATION FOR H~
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orbital ordering is not due to the simple alternation of twomode phonon, since the optical-mode phonon provides an
arbitrary kinds of orbitals, as shown in the following discus- effective attraction between electrons. The expected positive

sion. value of U’ indicates thaky electrons dislike double occu-
By the above transformatiotd " ;, and He_¢ are, re-  pancy at the site, since the energy loss is proportional to the
spectively, rewritten as average local electron number in the mean-field argument.
Thus, to exploit the gain due to the static JT energy and
HMF ph_E [Ep(— 2<n,>n +(n))2) avoid the loss due to the on-site repulsiongegelectron will

singly occupy the site. Note th#k is suggested to be larger
o than unity in manganite®*2 It has been shown that the
+Eyf 20i(nia—Nip) + 0 1}, (15  breathing-model distortion is suppressed for reasonable pa-
rameter choice, even if it is included in the calculation. Thus,

and . . . N A
in the following, B is taken to be infinity for simplicity.
= 4 ~A ~. ~.~.
He-e=U 2, Niaip ™+ VGZ]) ning., (16 B. JT-phononic vs Coulombic scenario
Whereﬁiy:EiTyEiy and f=Ti.+ iy Note thatHg, o is in- In order to check the validity of the present mean-field

treatment, it is necessary to compare the mean-field result
, ORI with some exact solutions. For this purpose, numerical tech-
the  decoupling procedure "Jls‘ianibfmia)nib“L NiNib)  niques are here applied in small-size clusters. For a set of
—(nix{nip), by noting the relations(niy)=((n;) —;)/2, lattice distortionsq;;,qsi,qsi}, the ground-state energy is
<ﬁib>=(<ni>+qi)/2, andni=ﬁi. Then, the electron-electron calculated by using the exact diagonalization method to in-
interaction term is given in the MFA as clude exactly the effect of electron correlations. By searching
for the minimum energy, the set of optimal distortions
) {a?™, g5, a9 is determined. In this exact treatment, the
e' o= (U /4)2 [2(n,>n, {m) +20i(nai nb,)+q ] phase to characterize the local orbital set is defined;by
—tan {(qq%).
~ In this subsection, a small four-site 1D chain with the
+V2 [N M= (172N () ]. (7 periodic boundary condition is used in order to grasp the
- most basic aspects of the problem with a minimum require-
By combiningHg" , with H{F and transformingi, and  ment of CPU time. The small cluster size and the low dimen-
Ty, into the original operators as, andc;,, the mean-field sionality will be severe tests for the MFA. However, if the
Hamiltonian is finally obtained as validity is verified under such severe conditions, the mean-
field result can be more easily accepted in the large cluster
o limit and in higher dimensions. In order to focus our atten-
Hwe= m% tw/CwC'+67’+‘]AFE S-S tion on the roles of JT phonon and on-site correlations, the
t,4 Spin configuration is assumed to be ferromagnétas,
Jar Will not play an important roleandV is set as zero. The
effect of V will be discussed in the next subsection in the
context of the CO state of half-doped manganites. The real-
istic hopping matrix set is used for the 1D chain in the
direction, although the conclusions are independent of the
direction of the 1D chain.

In Figs. 2a)—2(f), the results fom=1 and E;;=t are
shown. Figure @) contains the ground-state energy plotted
as a function oU’ for a fixed value ofg;r. In general, the
many-body effects cannot be perfectly included within the
~ , MFA. However, wherlJ’ is introduced to the 1D chain with

Ex=ExtU'/4, (19 E;r#0, the results become exact due to the special proper-
and the renormalized interorbital Coulomb interaction is exties of one dimension and the use of the realistic hopping
pressed as amplitude?® Namely, the hopping direction is restricted only

along one axis, and the orbital set is uniquely determined due

U'=uU’'—-4E,,. (200  to the optimization of the JT distortion. In such an orbital

polarized situation, the electron correlation is included ex-
Physically, the former relation indicates that the JT energy iictly even in the mean-field level. Unfortunately, for 2D or
effectively enhanced by'. Namely, the strong on-site Cou- 3D FM phases, there is no guarantee that the MFA provides
lombic correlation plays the same role as that of the JT phothe exact results, as discussed briefly in the final paragraph,
non, at least at the mean-field level, indicating that it is nothut the MFA for the Coulomb interactions is still expected to
necessary to include’ explicitly in the models, as has been provide the qualitatively correct tendency due to the general
emphasized by the present authors in several publicationsxpectation that the MFA becomes valid in higher
The latter equation fod’ means that the one-site interorbital dimensiong* However, in the purely JT-phononic model
Coulomb interaction is effectively reduced by the breathing-H7;, a remarkable fact appears. Namely, the MFA is always

variant with respect to the choice @f. Now let us apply

+EJT§i: [ 2(<Txi>7'xi+<7'zi>7'zi) +<7xi>2+<7'zi>2]

+ [(U’/Z)(ni>+VE (Niya) [N

-3

where the renormalized JT energy is given by

(O 1)+ (VI 2 (s o)

(n;), (18
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Imagine two adjacent sites in which oreg electron is
present at each site. If the limi; >t is considered, the
energy gain can be evaluated in second order with respect to
t, and this energy is maximized when the occupied orbital in
a certain site is exactly the same as the unoccupied orbital in
the neighboring site. Namely, the difference §nbetween
two adjacent sites should be at n=1. Note that the value
-(e) 1 of & depends on the hopping direction.

Next let us examine the Coulombic scenario, still using a
small four-site cluster to compare mean-field results against
exact ones. In Figs.(&)-2(f), the ground-state energy, or-
St bital densities, and the phase are plotted as a functidypf
S for a fixed value olU’ =5t. Again it can be observed that the
[ (f) i MFA works quite well, except for the case Bf;=0. In this
pure Coulombic limit, the JT distortion does not occur, and
(== OO == thus, the results are obtained only by the exact diagonaliza-

tion for HS. The ground-state energy obtained in the MFA
0o 2 428 810 P01 2 3 4 5 converges to the exact result in the limit Bfr—0. How-
U’ (units of t) E,; (units of t) ever, no symbols are shownBjr=0 in Figs. Ze) and Zf),
since the orbital densities and the phase could not be fixed at
FIG. 2. Mean-field and exact-diagonalization resultaatl for E,r=0. This is due to the fact that the energy is invariant for

a four-site 1D chain with the realistic hopping amplitude along thegny choice of local orbital, indicating thé’ﬁia% <ﬁib>’ andé,

energy (units of 1)
energy (units of 1)

0.5 -

orbital density
orbital density
(@)
(4]
T

- Do
(9] oo
h—

1.0 | .
D o>
05 F ]

0.0

/T
o o ~ =~ DO
o O O O oo
T
Il

&/m
g,

x axis. In all flg_urgs, the curves denote_ the mean-field re_sult_s an annot be determined at each siteEgr=0. In other words,
open symbols indicate the results obtained by the combination o

the exact diagonalization and the relaxation method in the phonon%?e 00 Statexls not uniquely fixed within thg purely Cqulom-
Figures 2a)—2(c) indicate theU’ dependence of some quantities °'C m_Odel He In th(_afésense that _the spem_al orbital IS not
for the special casE =t, while these same quantities are plotted SP€cified at each sit€. However, if the orbital correlation

as a function ofE 7 for U’ =5t in Figs. 2d)—2(f). In (@) and(d), ~ function is examined, it is possible to determine the orbital
ground-state energies are shown.(ly and (), orbital densities, Pattern in the OO phase even in the simplified Coulombic

(Riy and(nyy), are plotted. The solid curve and open square denotén@del. In fact, the orbital staggered tendencyratl is de-
(Ri.) for site 1. The broken curve and open circle dentg) for tected when the orbital correlation as a function of distance is
i )

site 2. The dash-broken curve and open diamond indi((?qg@ for studied, as will be discussed in Sec. VI. . .
) . e Now the roles of the JT phonon and on-site correlation are
site 1. The long-dashed curve and open triangle indi¢asg for

. vt discussed. At finite electron-phonon coupling, the optimized
site 2. In(c) and (f), the phaseg; are plotted. The solid line and ;) i determined, and the MFA provides an essentially
open square denotg for site 1. The broken curve and open circle

denoteé; for site 2. Note that only the results at site 1 and 2 areexact rgsult for the shape Of. the O.rbltal' NOte.that carrying
depicted, since the results at site 3 and 4 are the same as those0 t unblase.d Monte Carlp simulations and .usmg the relax-
site 1 and 2, respectively. ation technlqug are still |mporta_mt tasks, since the present
MFA works quite well only for afixed t4 spin background.
hus, it is an unavoidable step to check whether the assumed
2¢ SPIN pattern is really stable or not with the use of unbi-
ased techniques by optimizing the lattice distortions as well
as thet,, spin directions simultaneously. In this sense, the

and thishferrrr]]ion;]c sector iS. elzssehntielltljly z one—b_od_y pdmblelr:analytic mean-field approach becomes very powerful when it
even though the potential should be optimized sell-q o5npined with numerical unbiased techniques.

consistently. The lattice distortion is basically determined by In the purely Coulombic model, however, no unique op-
the local electron density, and the MFA becomes exact in th@,5| orhital is determined at each site from the energetical

static distortion limit. viewpoint due to the local S(2) symmetry, although it can

For the reasons discussed above the MFA works quitgg jeqyced from the orbital correlation function. Only when

well in the JT scenario, but this fact does not mean that th.?ne JT distortion is included, the optimal orbital set at each

obtgined state is trivial, s'in'ce the orbital degree of ffee.do”! Site is uniquely determined from the competition between the
active and several nontrivial OO phases occur. To visualizgjnetic energy gain and the potential loss due to the lattice
this result, the orbital densitie§);;) and(n;y), are shown in  djstortion. As a consequence, it appears that the natural start-
Fig. 2(b), and the phasg; is plotted in Fig. 2c). It is ob-  ing model to understand the properties of manganites should
served thatn;;) becomes very small anh;;) is almost be the JT-phononic model, and it is enough to include the
unity for all the sites. For even and odd sitésis given by  effect of U’ on HJ;. Although the validity of this statement
2/3 and 5r/3, respectively. Namely, the occupied b orbital has been shown in a limited situation in this paper, it is
is d3x2_2 at the even sites and,2_,2 at the odd sites, re- believed to be correct in other cases. On the other hand, if the
spectively. This is simply the orbital-staggered state in thestarting model is chosen as the purely Coulombic model, the
spin FM phase, which has been observed in the Monte Carldegeneracy in the orbital space is lifted when the JT distor-
analysis* The mechanism of its occurrence is quite simple:tion is introduced, indicating that the ground-state property

exact irrespective of the cluster size, electron density, an
dimensionality inH7;. This is quite natural, since the static
distortion gives only the potential energy for thgelectrons,
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= 35 (a) = while (n;,) for the odd sites is small, clearly indicating the
@ @ CO tendency. In this casé; is always given by 2/3 irre-
'5 _40 5 spective of the site position, denoting the occurrence of the
= 3 ferro ordering of theds,2_,2 orbitals. This is easily under-
@ o stood by the double exchange mechanism in the orbital de-
R - R °© gree of freedom. Namely, the orbital arranges uniformly to
. 1'Og(_)' T _é . improve the kinetic energy of the, electrons, just as the
5 D e ain ey 3 spin does in the FM phase of the doped one-orbital model.
S o5 - 1305+ ]
g g
g - — A A g ’s.&_\& 1 IV. CHARGE-ORBITAL ORDERING IN HALF-DOPED
0.0 E—E—E—e— -ﬁ; 0.0 - =l B MANGANITES
2.0 — 2.0 —————
(©) (f) In the previous section, the CO state with a uniform or-
157 1 18T ] bital arrangement has been suggested as the ground-state of
L0+ 1 510¢ : the 1D chain ah=0.5. However, in the real materials, there
L e T occurs a more complicated CO/OO arrangement due to the
variety of magnetic structures such as FRttype AFM,
0 a6 5 10 913 4 s C-type AFM, andG-type AFM phasdsee Fig. 48)]. In par-
U’ (units of 1) E,; (units of t ticular, in the narrow-band half-doped manganite such as

Lay sCa sMNnO; and Nd) sSip gMnOg, the so-called CE-type

FIG. 3. Mean-field and exact-diagonalization resultaat0.5  AFM phase is stabilized, as shown in Figa® Note that the
for a four-site 1D chain with the realistic hopping amplitude along spin pattern in thex-y plane is shown and spin directions
the x axis. The meaning of curves and symbols are the same asecome antiparallel along tlzeaxis. An important feature of
those in Fig. 2. this structure is a zigzag 1D path formed by FM array.gf

As schematically shown in the right panel in Fighy the
abruptly changes due to the inclusion of the JT distortioncO state appears with the checkerboard pattern and the
However, the on-site correlation is still important to achieve(3x2_ r2)/(3y?—r?)-type orbital ordering is concomitant to
effectively the strong-coupling region, sintk is renormal-  this CO state. The origin of this complex spin-charge-orbital
ized into the JT energy. structure has been recently clarified on the basis of the topol-

To check whether the statements in the previous parasgy of the zigzag structuré. Along the z axis, the CE pat-
graph are correct also in the doped case, the same analysisiégn stacks with the same CO/OO structure, but the coupling
carried out forn=0.5, as shown in Figs.(@-3(f). Note  of t, spins along the axis is antiferromagnetic. If only the
again that the MFA results are always exact and the physicaipartite charge structure in they plane is considered, na-
quantities are continuous as a function Wf for nonzero jyely the nearest-neighbor Coulomb interactidrseems to
values ofE,r, but the local orbital set cannot be uniquely pe the key issue in the formation of the CO/OO ph#se.
determined forE;r=0. In addition, the results are indepen- However, ifV is strong enough to bring the CO structure in
dent ofU" in Figs. 3@)-3(c). This is understood as follows: thex-y plane, the 3D Wigner-crystal structure should appear
If a unitary transformation is introduced to make the hoppingin the cubic lattice, but this is not observed in the real sys-
matrix diagonal, the modéi ¢ in the FM phase is reduced to tem. Thus,V is not the only ingredient needed for the stabi-
lization of the CO structure of half-doped manganites, as
already discussed in the Introduction. What other terms in
the Hamiltonian may create a charge-stacked phase?

In order to clarify this point, in this subsection<4 x 4
wherea; andb; are given bya;= —(\/§/2)cia+(1/2)cib and lattices with the periodic boundary condition are studied as a
bi=(1/2)ciy+ (V3/2)c;,, respectively. In this reduced simple representation of half-doped manganites on the basis
model, only the a electrons can hop and they interact wittof H*. In Fig. 4(c), energies for several magnetic phases are
the localized b electrons, which is just the Falicov-Kimball plotted as a function o 5 for A =1.622 At this stage in the
model*® Of course, this model is obtained trivially if the 1D calculations)V is set to zero and its effect will be discussed
chain along thez direction is considered. Thus, the ground later. The results of Fig. (§) are obtained from the JT-
state atn=0.5 is obtained by filling the lower a band up to phononic model, but as mentioned in the previous section, it
n=0.5 andU’ does not work at all. When the electron- can be interpreted that the effectlf is included effectively
phonon coupling is switched on, the system becomes insun the electron-phonon coupling. Although the effectlbf

lating, but the effect ofU’ is still inactive. Although the 3|50 appears through the nontrivial tera,(2)2i<ni>niy this
perfect agreement of the mean-field results with the exagerm essentially indicates the prohibition of double occu-
numbers is due to the special properties of the 1D chain, thgancy, and does not lead to qualitative changes in the results
JT-phononic model with the realistic hopping appears toyptained from the JT-phononic model, as longBais larger
contain the important physics of the problem and the eIectrorghan unity andJ’ is positive. Thus, the results below can be
correlation is not as crucially important as naively expectedinterpreteol as arising from 'a pure’Iy IT calculation or a mix-

As for the orbital densities at=0.5, (nia) is always neg-  ture of JT and Coulomb interactions within a mean-field
ligible small, but(n;,) for the even sites is almost unity, technique. The curves shown are the results in the MFA

Hee=—2, (4t/3)afa;, . +U’' > alablb;, (21)
1a |



9440 HOTTA, MALVEZZI, AND DAGOTTO PRB 62
(@ Fero A-type pling, but the uniform x?>—y?)-type orbital ordering ap-
CE-type pears. In the wider region GFJ,-=<0.25%, the CE-type
AFM structure is the ground state. For unrealistic large val-
ues ofJe, the G-type AFM phase is stabilized to gain the
magnetic energy.

Now let us focus our attention on the stabilization of the
C-type G-type CE-type phase. Due to the competition between the kinetic

energy of thegy electrons and the magnetic energy of the
spins, the 1D stripe-like AFM configuration occiéfsjn
which arrays ot spins order ferromagnetically along some
particular 1D paths. Precisely the shape of the 1D FM path,

the zigzag path, is a key to understanding the CE-type phase.

(b) C-type To see this, let us compare the CE state with @Gg/pe
AFM state, which is characterized by the straight-line FM
+ oo + oo path, as shown in the left panel in Fig(b4 Although the
o b fo @ energy of theC-type structure has the same slope as a func-
tion of Jor as the CE type, it is not the ground state, as
+ e v o shown in Fig. 4c). As for the orbital arrangement, the
P e o @ (3x2—r?)-type OO occurs in theC-type, while the (&?

o —r?)/(3y?—r?)-type orbital arrangement appears in the CE-

z / ‘ A.-- type state, as shown in Fig(l). At a first glance, these two
£ ko T e = OO states seem to be quite different, but if the concept of the
3 Lo sCEs orbital double exchange mechanism is employed, there is no
4 ‘E‘\‘T;f Ccl] § essential distinction between them. Namely, in both cases,
> e © I S the ey electron orbital is always polarized along the hopping
2 N | G " ) direction of the 1D paths.

o0 0.1 02 0.3 00 01 02 03 o4 An essential point for the stabilization of the charge-

i (uits of § Jr {units of 1) stacked CE-type AFM phase is the difference oftth@ology

of the 1D paths between the straight and zigzag shapes.
AFM, G-type AFM, and CE-type AFM phases. Solid and open Mathema“ﬁa"y' the _topology of,the 1D path can be chara-
arrows indicate up and down spin, respectively. For PMype terized by “the winding numberw (Ref. 19 defined frqm
AFM, C-type AFM, andG-type AFM phases, 2 2 clusters are the Berry phasg connection of tlagglectron wave function
shown, but the structures are periodically repeated in all directions2/0ng the hopping path. As shown in Ref. 20w is decom-

For CE-type AFM phase, the spin arrangement only in xag ~ Posed into two terms aw=wg+w;. The former,wg, is
plane is shown. Along the axis, this pattern is stacked, but spin called the geometric terfif,which is 0(1) corresponding to
directions become antiparalléb) Schematic representations of the the ferro-(antiferro) arrangement in the orbital sector along
spin, charge, and orbital ordering f@-type (left pane) and CE-  the 1D path. As discussed above, due to the orbital double
type (right pane) AFM structures. Solid and open symbols indicate exchange mechanismy, is zero in the doped case irrespec-
up and downt,y spins, respectively. The lobes indicatesx}3 tive of the shape of the hopping path. The difference between
—r?) or (3y?—r?) orbitals and the change of its size symbolically the straight and zigzag paths appearswy) expressed as
indicates the spatial modulation of orbital density. The circles dew;=N,/2, whereN, is the number of vertices appearing in
note Mrf* sites. (c) Energy per site as a function df,z for A the unit of the 1D chair® Sincew, is determined only by the
=1.6 andU’'=0. The curves denote the mean-field results and theshape of the 1D path, it is called the topological term. Of
solid symbols indicate the energy obtained by the relaxatiorcourse,N, is zero for the straight path, whil, is equal to
method. Thick solid, thick broken, thin broken, thick dashed, thin2 for the zigzag path. Thus, it is obtained thet0 and 1
dashed, thin broken, and thin solid lines denotes AiYpe, shifted  gre the values for th€- and CE-type AFM phases, respec-
CE-type, CE-typeC-type, andG-type states, respectivelid) The tively.

phase diagram in thg](\F,V) plane. Note that_the charge-stacked 14 nderstand why the zigzag chain with=1 has the
structure along the axis can be observed only in the CE-type AFM lower energy, it is useful to consider the situation=E
phase. =0, in which the CE-type AFM spin structure characterized
by the zigzag 1D chain is stabilized in the picture of a band
obtained for several fixeth, spin patterns, while the solid insulator?>****Due to the periodic change along the zigzag
circles are obtained by the optimization of both the local JTpath in the hopping amplitude 4s--,t) ,,t" , .t} .t} .,
distortion and the, spin angles simultaneously. The agree-- - -}, the system becomes the band insulator. Although the
ment between the analytic and numerical results is excellengifference in the hopping amplitudes in tkendy directions
indicating that the MFA works quite well in the JT-phononic is only a phase factor it} andt},, a bandgap of the order of
model. ForJ,r=0.1t, a metallic 3D FM phase is stabilized, t develops. On the other hand, note that ®dype AFM
since this spin pattern optimizes the kinetic energy. In a venstates characterized by the straight path is metallic, since
narrow region around,r~0.1t, the A-type AFM phase oc- there is no change in the hopping amplitude from bond to
curs. This phase is metallic in the present intermediate cousond. In Ref. 20, it has been clearly shown that the CE-type

FIG. 4. (a) Spin arrangements for FMA-type AFM, C-type
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structure has the largest bandgap among all the possible Finally, a comment on the stabilization of the CE-type
types of zigzag hopping paths at=0.5. Moreover, in Ref.  structure in the purely Coulombic model is provided. As dis-
20, if the JT energy is switched on in this phase, it has beenussed above, in the caseldf=E ;;=0, the CE-type AFM
shown that the CE-type phase continues to be the grounspin structure is found to be the ground state in the band-
state and charge-ordering appears with the?(3r?)/(3y? insulator picture. IfU’ is smoothly switched-on in this
—r?)-type orbital-ordering. Thus, based on the band-phase, still keeping =0, the CE-type phase still continues
insulator picture and the spirit of the adiabatic continuationto be the ground state and charge-ordering appears even
the CE-type AFM structure characterized by the 1D zigzagwithout the help ofV, since the local charge in the straight
FM chain is the ground state. segment of the zigzag chain is larger than that at the corner

Now the physical meaning of the energy difference be-site> The ground-state energy for the zigzag chain is lower
tween CE- andC-type states is discussed using the concepthan that for the straight chain, and its difference is again of
of the winding number. For this purpose, an analogy with athe order of 0.1 Since this energy difference can compen-
typical spin problem is quite useftft.in the spin problem, by sate the energy loss due\ain the charge-stacked structure,
classifying the states with the total sp8which is a con- it would be possible to understand the charge-stacked struc-
served quantity, the exchange energy is defined by the difture even in the purely Coulombic model on the same topo-
ference between the energies of the singit Q) and triplet  logical argument as carried out for the JT-phononic model.
(S=1) states. In the present problem,is the topological Thus, it is possible to fill the 3D cubic lattice by the zigzag
entity and the conserved quantity. Thus, the energy differdD chains stacked in thke- and c-axis directions, with the
ence between the states witv=1 andw=0, J,, is ex- same charge ordering but antiparallgl-spin directions
pected to play a similar role as the exchange energy in thacross those 1D chains. Note, however, that the energy is
spin problem. As for the magnitude df,, it can be of the invariant for the choice of locat,-electron orbital and the
order of 0.1 from the analysis of the two-site probleth, (3x2—r?)/(3y?—r?)-type orbital arrangementannot be
although it depends on the value Bj;. specified in the purely Coulombic model. On the other hand,

Another phase competing with the CE-type state is then the pure JT-phononic model, the CE-type AFM spin struc-
shifted CE-type(sCB structure?>??This is also obtained by ture, the charge-stacked CO state, and the? {3 ?)/(3y?
the stacking of the 2D arrangement shown in the right panet-r?)-type OO-phase have been fully understood, as ex-
in Fig. 4(b) along thez axis, but one-lattice spacing shifted in plained before in this section. Thus, based on these results,
the x (or y) direction. Due to this shift, the number of FM these authors believe that the purely JT-phononic model is
and AFM bonds becomes equal, and the magnetic energy isore effective than the purely Coulombic model for the the-
exactly canceled. In fact, the energy for the sCE structure isretical investigation of manganites, although certainly both
independent ofl,-. The CE-type phase is stabilized againstlead to very similar physics.
the sCE-structure by the magnetic energy, as observed in
Fig. 4(c), showing the key role played hj,r in models for
manganites and likely in the real compounds as well.

Let us consider now the effect d on the CO states. For | previous investigations using the unbiased Monte Carlo
this purpose, the mean-field calculation is carried out basegimulations, the PS tendency has been clearly established in
on Hye for a reasonable parameter Setsuch as manganite models:*In the simulations, PS appeared both
t=0.5 eV E;=0.25 eV®andU’'=5 eV* The phase in the one-orbital FM Kondo mod&l® and the two-orbital
diagram in the J,¢,V) plane is shown in Fig. @). From  JT-phononic model&: PS occurs due to the balance between
this figure it is clear that the charge-stacked structure occurthe kinetic energy oy electrons and the potential energy
for the CE-type AFM phase in a broad region of parametefrom the background, either thig, spins or the JT distortion.
space, as deduced from the Fourier transform of the chargdue to this difference in the origin of the background poten-
correlation which has an observed peak at#,0) in the tial, two-types of PS exist, spin driven and orbital driven. In
CE-type state, while a peak appears at4,m) in the SCE the following, the 1D case is used for simplicity. Although
and C-type AFM stateg! A remarkable fact of Fig. @) is  the situation will be more complicated in higher dimensions,
that the charge-stacked structure is robust against the inclthe essential physics is expected to be captured in the 1D
sion of V. The boundary between the sCE and CE phases isase.
qualitatively understood by the balance of the magnetic en- One type of PS appears in the two-orbital model driven by
ergy gain and the charge repulsion 165©n the other hand, the spin sector between the spin FM and AFM phases,
the phase boundary between the CE- @rype AFM states  mainly in the region betweex~0.5 andx=1.0. To improve
is independent o 5¢, since those two states have the samethe kinetic energy, in this doped situation thg spins and
magnetic energy. As mentioned above, in this case, the e -electron orbital tend to array in a ferromanner, but in the
ergy J,, due to the difference in the topology of 1D path heavily doped region close t®=1.0, thet,, spins order
stabilizes the charge-stacked structure in spite of the chargatiferromagnetically to gain the magnetic energy which
repulsion loss. In fact, the phase boundary exists aradind dominates over the kinetic energy. Thus, in this case, the PS
~0.3, which is the same order dg,. Although itis difficult  between FM/OF and AFM/OF states appears, as clearly in-
to know the exact value o¥ in the actual material, if the dicated in the previous Monte Carlo simulations. Note that
simple screened Coulomb interaction is estimated using ththe acronym in front of the slash indicates the spin state,
large dielectric constant of manganifés//t is estimated to  while the acronym after the slash denotes the orbital arrange-
be 0.1~0.2M i.e., inside the charge-stacked region in ourment, e.g., FM/OF indicates the spin FM and orbital ferro
phase diagram. state. Note that this PS is possible in the one-orbital model as

V. PHASE-SEPARATION TENDENCY
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well, since the orbital degrees of freedom is not active for 0.0010 ——— —
this case.

Another variety of PS is related to the orbital degrees of
freedom coupled to the JT distortion, which mainly exists
betweenx=0 andx~0.5 in the two-orbitals model. In the
undoped situation and for reasonable valuedgf, the FM/
OAF-state is the ground state, as shown in the previous sec-
tion. Also in the unbiased Monte Carlo simulation, this phase
has been obtained.When holes are doped, the spin struc- 0.0000 ‘ ‘ : ‘
ture is still FM, but the orbital arrangement becomes uniform 00 01 02 03 04 05
to gain the kinetic energy by polarizing the orbitals along the X
hopping direction (orbital double-exchange mechanijsm (b)

Thus, in this case, the PS between FM/OAF and FM/OF
states appears, as suggested in the previous works for the x=0 C"""@"“’Dgc """" B )8C"""8""">8C """" B )8
two-orbital modeft! x=1/2  CEO oo CE> oo CfO o CFO o

In the present MFA, the electron numbarhas been
fixed > For a givemn, the optimized structure both for thg, 0.02
spins and the lattice distortion are determined by the analytic
MFA and the numerical technique. To understand the PS
tendency in this formalism, it is necessary to check the sta-
bility of the obtained phase by calculating the ground-state
energyE, as a function oh. Namely, if a negative curvature
is obtained, i.e.g’E,/dn?<0, such a phase is unstable even
if it is the ground state at a fixed. If the PS tendency is
included in the present model, the FM/OF states between 0.00 , , , ,
=0 and x=0.5 should be unstable and the mixed phase 0.0 01 02 03 04 05
should have lower energy than the states obtained by the X
MFA, in order to reproduce the Monte Carlo results. In order
to verify this, the energy differencAE(x) is plotted as a
function of x for E;;=1.2 in a 16-site spin-FM 1D chain

Vi”tEh (t;)e_ rfxal\;\iiﬁ ehf)g?gg(xa_loon)g_ tIEr]E(Xzii(ISIS)E'e[I‘eiEEE; and 0.5(lower chain. Note that the b orbital in the-y plane is
— -0 - o\A™ O\AT Y- . . . . . . ~ .

is positive, the homogeneous state is unstable and, instea@fPicted and its size is proportional @;,). (c) The energy differ-
the mixed-phase appears. Note that the state=20.5 is enceAE as a function ok for a 16-site 1D chain with’=10 and
stable. The result is shown in Fig(a, in which positive Er=0.

AE(X) is indeed observed betwegr-0 andx=0.5. In Fig.
5(b), the orbital arrangements a0 andx=0.5 are shown

0.0005 -

AE (units of t)

0.01

AE (units of t)

FIG. 5. (@) The energy differencAE as a function ofx for a
16-site 1D chain withJ’ =0 andE ;= 1.2. The definition oAE is

shown in the text(b) Orbital density(n;y) for x=0 (upper chaih

fairly simple and handy the obtained result is physically
- : N meaningful and reliable. More investigations on the PS ten-
bly dep:tctlr;]g t?de bshap? ?jfttr?et (t)r::cuged tf)t(?]rbltalt)!;w lejg dency by using the MFA in higher dimensions would be
plane. 1t should be noted that the size of the orbital IS pro'(:ertainly interesting since the Monte Carlo simulations be-

portional to(ny;). This result agrees very well with the pre- come increasingly difficult as such dimension grows, but this
vious Monte Carlo CaICUIa“()n, and the PS tendency IS bepoint will be discussed in future pub"cations_

lieved to be definitely established in the JT-phononic model.
Now let us analyze whether it is possible to detect the PS
tendency in the purely Coulombic model or not. For this
purpose,AE(x) is evaluated using a 16-site spin-FM 1D  The purpose of this section is to continue the analysis of
chain with the realistic hopping along tixeaxis forE;7=0  the reduced Hamiltonians of Sec. Il, this time focusing on
andU’=10t by using the mean-field Hamiltonian E(L8).  the purely Coulombic modéfi-. The multiorbital Hubbard
As shown in Fig. bc), again the positivA E for x between 0  model has been addressed before using a variety of
and 0.5 can be observed, indicating clearly the PS tendencgpproximations® but here care must be taken to select the
If the present mean-field Hamiltonian is accepted, this resulappropriate technique accurate enough to search for physics
is quite natural, sinc&’ is included effectively in the cou- similar to the results obtained with JT phonons. The use of
pling between thee, electrons and JT distortion. However, unbiased methods is particularly important for subtle issues
one may consider that this is just an artifact due to the MFAsuch as PS. For this purpose, the mddgldescribed in Sec.
Thus, in the following section, it is explicitly shown that this Il has been studied here with the DMRG meth6dupple-
PS tendency in the purely Coulombic model is not due tomented by the exact diagonalization technique, keeping the
particular properties of the MFA by performing the DMRG truncation errors around 16 by using typically 120 states
calculation in the 1D Hubbard-like model. on intermediate size chains with open boundary conditions.
In short, it is quite interesting to observe that the MFA The restriction to work in the 1D system is not severe in
can properly reproduce the PS tendencies found using otheiew of the results of previous sections and those of Refs.
more sophisticated techniques. Although the calculation i§-9, that showed a strong similarity between one, two, and

VI. DMRG RESULT FOR H¢
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three dimensions, at least regarding the rough features of thS(k) " N(K)
ground state. Actually, it is important to remark that the 49 (@ |
phase diagrams described in previous work by our group are
mostly based on evidence coming from the short-distance
correlations calculated in our study which are not expected tc 3.0 |
depend strongly on the dimensionality. In 1D systems, the
existence of genuine long-range order vs slow power-law
decay of correlations is a subtle issue beyond the goals of th
present analysis.

In this context, the static observables studied with the
DMRG method are the spin structure factor

30

20

20|

1.0

0.0 : 0.0

S(k)=(1L) 2 (s spye'd =™k, (22) 0.0 05 1.0 00 05 1.0
Jm kin kit
the charge structure factor FIG. 6. DMRG results foKa) spin structure facto(k) and(b)

charge structure factdM(k) as a function ok for Hc with the unit
- hopping matrix in the 20-site 1D chain fd#'=10. The dashed,
N(k)= (1/L)2 (pjpm)e'“_m)k, (23)  solid, dotted, and dotted-dashed lines correspordd-a, 5, 12, and
J,m 20, respectively.

and the orbital structure factor 1. Case of n=1

Consider first the special case of density 1. Using the
DMRG and exact diagonalization methods a large set of cou-
plings (U’,J) have been investigated, but here only the most
representative results are presented as examples. In(Big. 6
wherek is momentumj andm denote site position4, is the  the spin structure factdg(k) is shown at fixedJ’ =10, for
length of the 1D chain, TjZ:(Pja_ij)/Z’ and p;, particular values of), and three regimes are clearly idepti-
=3 ,pj,o- It is important to remark that the analysis de- fied. At smallJ compared withU’, the spin sector has in-
scribed below has focused on the analogies with the resul@mmensurate characteristics, with a maximum at momen-
found using JT phonons, especially regarding PS and th&im k= /2. AsJ grows, an abrupt transition to the FM state
existence and properties of the spin-AF orbital-staggereds observed, witt5(k) now peaked at zero momentum. This
phase at densitg=1. In the several other interesting phaseslast regime occurs in a robust window af At J~15, the
reported in this section, our effort has been limited to theSpin sector becomes incommensurate again with a peak in
description of their main features regarding their spin,S(k) atk= /2. The charge structure factbi(k) is shown in
charge, and orbital characteristics, postponing for a futuréig. 6b) for the same set of parameters. It is observed that at
publication a more detailed analysis of its origin and possible)=2 and 5 the charge correlations are not enhanced since
relevance to experiments. In order to focus on the similarityonly a broad peak with low-intensity appearskat 7. How-
in the effects of the on-site correlation and the JT phongns, ever, forJ=12 and 20 indications of charge-ordering ten-
is set to be zero for the time being. The influenc&ofill be  dencies are found, since now tke= 7 result is clearly en-
discussed later. Note that the energy unit iis this section, hanced, indicating a structure with an alternation between the
as in the previous ones. even- and odd-sites of the chain. Note that5 and 12 have
different characteristics when analyzed usiNgk), while
they are both FM phases accordingS(k).

In Fig. 7(a), the orbital structure factofF?*(k) is presented

Thus far the realistic hopping matrix with nonzero off- for the same set of couplings as used in Figs) @nd &b).
diagonal hopping amplitude has been used. This hopping this case, enhanced orbital correlations exist in the ground
matrix is quite important to understand the properties ofstate ati=2 due to the robust values tHEt(k) has, particu-
manganites, but the analysis is sometimes complicated due fgrly at k= . This is indicative of sstaggeredarrangement
the nonzero off-diagonal element. In order to analyze the orhitals, similar to the results discussed before in Sec. IIl.
two-orbital model more eaSily, it is useful to introduce first an qua|itative|y similar but even more prominent effect oc-
simple unit hopping matrix for any direction, given bsly, curs atJ=5. At J=12 and 20;T% w) is relatively small and
=td,, , whered;; is the Kronecker’s delta. Besides its sim- there is no noticeable indication of enhanced orbital correla-
plicity, this hopping amplitude has been used before in the&ions. The transition from the low-regime, exemplified by
search for the FM state in the multiorbital Hubbard modelJ=2, to the intermediate onel&5) is abrupt, as already
with a variety of technique®, and thus, it is meaningful to observed in the study of the spin structure factor.
investigate its properties. In addition, it will be theoretically = Repeating a similar analysis for several other values of
interesting to compare results using different hopping sets, tt)’ andJ allowed us to sketch a phase diagram for the two-
study the dependence of the ground-state properties witbrbital Hubbard model at density=1, which is shown in
those amplitudes. It will actually be concluded that the use ofig. 7(b). Since the complexity of the Hamiltonian does not
realistic hoppings is very important in this context. allow us to perform a careful finite-size study to determine

TAK) = (1IL) >, (TiTZ)eli-mk, (24)
J,m

A. Unit hopping matrix
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mobility of the electrons from site to site, while an orbital-
uniform arrangement would not allow for that movement at
densityn=1, if all spins were aligned and when the unit-
matrix hopping is used. The charge is spread uniformly, i.e.,

300 f s . N
no charge-ordering exists in this phase. However, below but

close to the lined=U", charge correlations are enhanced due
to the proximity to the CO regime. In this subregion, the
orbital correlations are suppressed compared with the results
observed at the lowed end of the FM/OAF phase, where
they are maximized. Overall, it is clear that the FM/OAF
state has characteristics vegiynilar to those observed when

JT phonons are used to mediate the interaction between elec-
) trons (see Sec. Il Then, this phase appears prominently
30 both in studies with phonons and Coulombic interactions,
and likely it will be stable when a mixture of the two terms

is used.

As Jis decreased for fixed’, the ferromagnetic tenden-
cies are naturally also reduced. The computational study
shows that a regime with sharp spin incommensurate char-
acteristics dominates in this region. The orbital order remains
staggered and the charge is uniformly spread. This state is
not directly related with the goals of the paper, and thus, the

the dominant correlations in the bulk ground state, the phasgiscussion of its origin and characteristics is postponed for
diagram of Fig. Tb) should be considered only qualitative. future work.
Nevertheless, since for cluster sizes smaller thaR0 the
results were found to be similar, no large size-effects are
anticipated. The four identified regions are marked. Note that One of the main goals of the study in this section is the
the emphasis has been given to the determination of thmvestigation of whether PS tendencies appear in a multior-
boundary of the spin-ferromagnetic orbital-ordered phasdital model having only Coulomb interactions, startingnat
due to its similarities with the analogous phase reported in=1 in the FM/OAF regime previously observed with JT
the Monte Carlo studies of the two-orbital model with JT phonons. For this purpose, here the couplings were fixed to
phonons;! and in the MFA of the previous section. The U’=30 andJ=22, i.e., inside the FM/OAF phase of Fig.
boundaries of the other regimes are less accurately detef{b), and the density was varied using a cluster of 20 sites.
mined, particularly at small values dfandU’. As the number of electror was changed between 6 and 28
Let us consider the origin of the many phases observed ifonly using an even numbkrit was observed that the ferro-
Fig. 7. We first address the CO regime which appears aboveagnetic characteristics persist aB(k) continued to be
the lineJ=U". The intuitive explanation for this behavior is sharply peaked at zero momentum.
simple. The interorbital exchange interactidmactually pro- Regarding charge ordering, an enhancement in this chan-
vides an attractive interaction to the electrons, which try tonel was found at density=0.5 as can be observed in Fig.
doubly populate half the sites of the chains when this inter8(a) where results foN=8, 10, 16, and 20 are presented.
action dominates. On the other hand, the interorbital repulThis enhancement shows that at the couplings studied here
sion U’ prevents double occupancy of two orbitals at thetendencies toward a CO state are developed=a0.5, in
same site. Then, a competition between the two occurs nat@greement with recent Monte Carlo studies for cooperative
rally. If J>U"’, which is an unphysical limit, then charge- JT phonong? the analysis of the previous sections with non-
ordering occurs with roughly half the sites having two par-cooperative phonons, and with experiments for mangafites.
ticles and the other half none. To allow for some nonzeroThe results in the orbital sector are shown in Fi¢h)8As
electronic kinetic energy, the doubly occupied sites do nothe density is reduced, or increased, starting=atl the or-
cluster together but are spread on the chain. The spin arsital correlations develop incommensurate characteristics,
charge pattern compatible with the results of Figs. 6 and 7 itwhich is a curious effect not observed before to the best of
the CO regime has a unit cell of size four lattice spacingspur knowledge. When the density reaches 0.5, T#(k)
and an arrangement ¢20,2d,0) where 21 denotes two spins peaks ak= 7/2, effect likely correlated with the precursors
up, 0 is an empty site, andd2are two spins down. Spin- of charge-ordering found (k).
staggered patterns appear frequently in the CO states. Note that with the DMRG and exact diagonalization tech-
The regionU’>J is physically more interesting, and con- niques which are setup in the canonical ensemble where the
nected with the results observed for the model with JThumber of particles can be fixed arbitrarily, the stability of
phonons at the same density. The spin FM characteristic ahe various states withl electrons cannot be addressed di-
the FM/OAF phase is believed to be caused by the optimirectly. For this purpose it is necessary to compare the ener-
zation of the kinetic energy by spin alignment. The influencegies of the various ground states and construct a plot of the
of the attractive couplingl is also very important for the densityn vs u following steps already described in detail in
stabilization of this phase, since it also favors spin alignmenprevious publication8,and in the previous section. Figure
at every site. The orbital-staggered pattern allows for som@(a) shows thatall the densities studied here are actually

9.0

20.0
6.0
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30 |
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FIG. 7. (a) Orbital structure factoif*(k) vs k using the same
parameters as in Fig. §b) The phase diagram ¢ for the unit-
matrix hopping amplitude abh=1. The four phases are IC/OAF,
FM/OAF, FM/CO, and IC/CO. Here “IC” means spin-
incommensurate, “FM” means spin-ferromagnetic, “OAF" de-
notes orbital staggered, and “CO” indicates charge ordered.

2. Case of r¢l
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9000 05 1.0 FIG. 10. (a) Spin structure factoB(k) vs k using the realistic
k/r hopping matrix along the axis for a 20-site 1D chain at=1 and

U’=30. The dashed, solid, dotted, and dotted-dashed lines corre-
spond toJ=10, 12, 15, and 20, respectivelyn) The charge struc-
ture factorN(k) vs k for the same parameters as(a.

FIG. 8. (a) DMRG result for the charge structure facté¢k) vs
k at n=1 for Hc with the unit matrix hopping amplitude, and a
20-site 1D chainU’ andJ are fixed as 30 and 22, respectively,
corresponding to couplings inside the FM/OAF phase in Fib).7
The number of electronll is shown in the figure. Note that the

atn=1 very similar to those observed in the Monte Carlo
! _ : simulations of the JT model at the same density. Having a
= response is enhanced at density0.5, at least relatively to the  £\j/OAF state an=1 apparently is not sufficient for PS to
other densities(b) The orbital structure factor?(k) vs k using the oceur®” This issue is conceptually important and will be ad-
same convention and couplings as(@. Note the appearance of yrasseq again in the next subsection when results with a

incommensurate characteristics in this channel as the densi

changes away from=1.

stable in the sense that a finite window ofexists for all of

Yhore realistic nondiagonal hopping matrix are analyzed.
Due to the stability of the intermediate phases away from

n=1 it is not too surprising to observe a phase diagram at

n=0.5 with similar characteristics to those found in Fig.

them where the state under study minimizes the energy. Th|§(b)_ In Fig. 9b), the unphysical regiod>U" has only been

has to be contrasted with the results found in the Mont

nalyzed briefly, just sufficiently to confirm that CO charac-

Carlo and mean-field calculations with JT phonons whergg isiics exist there, with relevant momentis /2. In the

states in a finite window ofi were found to be unstabtg,
i.e., there was no value gf that render them the global
ground state of the system. Then, it is concluded that th
two-orbital Hubbard model with unit-matrix hopping studied

regimeJ<U’, the spin FM and incommensurate phases are
still stable, andl*(k) presents a broad peaklat 7/2 com-

?)atible with the tendencies toward charge-ordering that ap-
pear atn=0.5. The probable pattern of orbitals here may

here does not phase separate in spite of having characteristlﬁgVe orbital a below b at sifea mostly emptyi + 1 site, the

1.1

reverse orbital pattern at-2, and another empty site at
+ 3, with this arrangement repeated in space.

1ol (@) %014 1cr01c (9)5'
0o | J ig'g/o'c : - B. ITlondiagorjaI hoppi-ng matrix | -
/ o The unit hopping matrix used in the previous subsection
08 20 | 2 o is a simple and natural choice to gather qualitative informa-
n / i tion about the two-orbital problem. However, the studies of
07T e / 2 o models designed for manganites need a more complicated
/ D hopping matrix, as shown in Sec. Ill. In this subsection, the
0.6 / 9 o . . . .
10t y 5 -8 realistic hopping amplitudes along thieirection are used to
05 | e contrast the results against those obtained with the unit hop-
¥ 78 ping matrix. The results are actually found to be dramatically
0.4 /8% different at densities different from unity. The organization
03 . ) 0 . , of the subsection is similar to the previous one, i.e., the
.0 0.0 1.0 2.0 0 10 20 30 analysis starts with density=1, establishing the main fea-
w v tures of the phase diagram, and continues withl with

emphasis on the possible appearance of PS.

FIG. 9. (a) Densityn vs u constructed from the ground-state
energies corresponding to several humber of electrons on a chain
with 20 sites, and the couplings used in Fig. 7. Note that all densi-

ties are accessible for some valueswof(b) The phase diagram of ,In Fig. 10@), the spin structure factog(k) is shown at
He for the case of the unit hopping matrix at=0.5. The two ~U’=30 for representative values &fAt J=10 and smaller,

phases identified are IC/OIC and FM/OIC, where “OIC” means the signal was found to be clearly antiferromagnetic with a

charge-disordered orbital incommensurate. The charge-ordered réharp peak ak=. In the intermediate region, the spin
gime abovel=U’ has not been studied in as much detail as in Fig.Structure is complex with some incommensurate characteris-
7(b), and it is simply denoted by CO. tics, as exemplified by the result &&12. For larger values

1. Case of =1
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FIG. 11. (a) Orbital structure factoi?(k) vs k for the same FIG. 12. (a) Spin structure factoS(k) vs k for the realistic

parameters as in Fig. 1. (b) The phase diagram for=1 for the = hopping matrix,U’ =30, andJ= 15 in the 20-site chain for several
realistic hopping matrix. The four phases are AF/OF, IC/OIC, FM/electron numbers. Incommensurate characteristics appear abruptly
OAF, and CO, where “OF” denotes orbital-uniform and charge- upon doping then=1 state.(b) Orbital structure factoif?(k) vs k
disordered. The “CO” has not been characterized in detail besidefor the same parameters and electron number gg)inAgain an
its CO properties. abrupt change from OAF to OF features is observed iaseduced
from unity.
of J, such as 15 and 20, the system becomes ferromagnetic or
quasiferromagnetic. I8 is increased further beyond the  |atter J plays an important role since it favors spins align-
=U’ boundary, spin incommensurate structures have beement when two electrons visit the same site, leading to a spin
observed, as in the study leading to Figb)7(results in this  ferromagnetic state. To optimize the kinetic energy, the op-
unphysical regime will not be discussed further hebe Fig.  timal orbital pattern must be staggered, as discussed in the
10(b), the charge structure factd(k) is shown at the same previous section when explaining Figh7. The interpolation
couplings used in Fig. 18). This quantity only develops petween these two competing states is difficult to predict and
some nontrivial structure as tde=U’ line is approached. In  the computational work suggests that it proceeds through a
this case indications of charge ordering kat 7 are ob-  complicated mixture of FM- and AF-orbital characteristics
served. In Fig. 1(g), the results corresponding to the orbital that lead to an overall spin and orbital incommensurate pat-
structure factor are shown. At small the order is uniform tern. Only further studies incorporating finite-size analysis

since T%(k) peaks atk=0. At J=12, an incommensurate will clarify if this regime is indeed stable in the bulk limit.
structure appears in the orbital sector, similar to the results

obtained for the unit matrix hopping away from=1, and
related with the spin incommensurability observedS{ik).
For J=15 and 20, a robust orbital-staggered pattern is It is important to investigate how the phase diagram
reached. shown in Fig. 11b) evolves as a function of density. To
With the information obtained ai’ =30 and varioug’s, establish a connection with the results found in the case of
supplemented by results gatheredWit=5, 10, and 20, a the JT phonons at large, once again the FM/OAF state is
rough phase diagram can be constructed, shown in Fidiere studied in detail since a state with similar characteristics
11(b). In this case four regimes are identified. At smhlan ~ was indeed observed at=1 (Sec. ll) in the mean-field
AF/OF state appears which does not exist for the unit-matrixstudies with phonons, and the reduction of the density led to
hopping. The reason is the following: For the realistic hop-a phase-separated regime in simulatibng/ould the same
ping matrix, orbital a has more mobility than the other. Then,occur in the purely Coulombic case with nondiagonal hop-
to improve the kinetic energy the ground state prefers tging? To gain insightS(k) is shown in Fig. 1) at some
have those orbitals as the lowest-energy ones at every siteepresentative densities using couplings=30 andJ=15
However, atn=1, a spin-aligned orbital-uniform arrange- that correspond to a point inside the FM/OAF phase of Fig.
ment would not have any mobility due to the Pauli principle.11(b). It is interesting to observe aabrupt change inS(k)
Then, the optimal situation is achieved with antiferromag-whenn is varied from 1 to 0.9, with an incommensurate
netic order in the spin sector. The presence of this state is thgiructure appearing in the latter. This incommensuration con-
main difference ah=1 between the results found for the tinues up ton=0.5. The charge structure factbi(k) also
unit hopping matrix shown in Fig.(8) and the results of Fig. presents an abrupt change away from1, with tendencies
11(b). On the other hand, note that the AF/OF order does noto charge ordering maximized at= 0.5 (not shown. In ad-
take advantage af since the use of the hoppings in this statedition, T(k) drastically switches from an orbital-staggered
leads to antiparallel spins at the same site and, thus, to gmttern ain=1, to a uniform arrangement at* 1 as shown
energy penalization proportional fo For this reason, as the in Fig. 12b). At n=0.5 and working withJ’ =10 and 30, it
couplingJ grows, a transition is expected to a state in closewas observed that the spin-incommensurate and orbital-
competition with the AF/OF one, namely, the FM/OAF stateuniform characteristics are independentJofo a good ap-
that has appeared several times in our investigations. In theroximation, as long abl’>J.

2. Case of r¢l
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FIG. 13. (a) Densityn vs u for the same parameter as in Fig. FIG. 14. (a) Densityn vs u for U'=10 andJ=7. Clear phase
12(a). Precursors of PS at density close to unity are observed, aseparation between densities 1.0 and 0.7 is obserfgdLocal
discussed in the textb) Local densityn; vs site position for 18 densityn; vs site positior for 18 electrons on a 20-site chain. Only
electrons on a 20-site chain. Only half the chain is shown, thehalf the chain is shown, the results for the other half are simply
results for the other half are simply obtained by reflection. Theobtained by reflection. The system is far from uniform in the charge
system is far from uniform in the charge sect@. Same agb) but sector.(c) Same agb) but for 16 electrons.
for 16 electrons.

tively similar to those reported using JT phonons. In Figs.

To understand the curious behavior reported in Figéa)12 14(b) and 14c), the local density away from=1 is shown.
and 12b), the density vsu is plotted in Fig. 18a) to search  As in the case reported in Figs. (b3 and 13c), strong os-
for the PS tendency. An anomalous behavior is observed &llations reveal clear tendencies to phase separation. Studies
n=0.9, which has a tiny« window of stability, and thus, a at U’=20 andJ=12 but with the realistic hopping matrix
large compressibilityc (since is proportional todn/du).  have also been carried out as part of this effort. The results
This behavior indicates a tendency toward PS in the datare very similar to those shown in Figs. 13 and 14. Summa-
and it may occur that small additions to the two-orbital Hub-rizing, either clear phase separation or a strong tendency to
bard model such as JT phonons or even the analysis &fuch phenomenon exists in the 1D purely Coulombic model
slightly larger clusters, may render the system truly phas@s long as the hopping matrix is nondiagonal.
separated. To confirm the presence of PS precursors, the lo-
cal densityn; is shown in Fig. 18) atn=0.9. Note that the
DMRG method works with open boundary conditions, and
n; is not necessarily equal toat every site due to the lack of ~ As discussed in Sec. IW should not be too large in the
translational invariance. It is clear from this figure that largeactual material, since if it were strong, the charge-stacked
charge inhomogeneities are present in the ground state, whigéructure would be destroyed. However, it is important to
atn=1 (not shown n; is almost uniform. Only the center of understand whether the results change or not with the inclu-
the chain has a density equal to the average(6r@, while  sion ofV using the same unbiased technique as in the previ-
the ends of the chain haveclose to unity, and at other sites ous subsection.
near the center the density is smaller than 0.9. The minimum First let us consider density=1, on a chain of 20 sites
in the local density shown in Fig. 18 may correspond to a andU’=30. In this case, few modifications were observed
hole doped into then=1 system, that has developed po- compared with the results obtained 6+ 0. Namely,(i) the
laronic characteristics. By symmetry, the other hole is on théoundary between the spin-AFM and spin-incommensurate
other half of the chain. In Fig. 18), two holes generate two phases at small, compared withU’, shifted toward a
minima in the densityagain, with the other two holes on the smallerJ, and (ii) close toJ=U’ the charge correlations
other chain half These results show that tendencies towardvere enhanced substantially favoring the staggered pattern of
charge inhomogeneities are present in this system, and preharge betweem;=0 and 2, which is not penalized by.
cursors of PS are observed possibly in the form of polaroni&ven at values such ak=20, i.e., not too close td=U",
behavior. The purely Coulombic model appears to be at ththis enhancement was noticeable. However, since there are
verge of phase separation. no indications of such a pattern in experiments for mangan-

To search for more clear indications of phase separatiorites atn=1, there is no need to analyze this region in more
the Coulombic interactiot)’ was reduced to 10, antlwas  detail in the present study.
fixed to 7. This still corresponds to a pointrat 1 inside the At n=0.5, it is naively expected that théterm brings the
spin-FM orbital-staggered phase. The spin and orbital struc€O state, although only precursors of CO behavior were ob-
ture factors for several electrons were calculated in this cassgerved alv=0 and this density, as discussed in the previous
and the resultgnot shown have clear similarities with those subsection. In Fig. 1®), N(k) is shown atU’=10 andJ
obtained atJ’=30. However, in this case now the analysis =6 both atV=0 and 4. The region nedt= 7 is clearly
of the density vsu reveals strong phase separation charac- enhanced by as expected. The real-space density is shown
teristics between densities 1.0 and JFig. 14a)], qualita- in Fig. 15b) and a clear charge-staggered pattern is visible.

C. Influence of nearest-neighbor repulsion
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1.0 y — parameter space. However, to observe PS it seems necessary
N(k) (b) to use realistic electronic hopping amplitudes in the case of
0s | 08 ] Coulombic models. The presence of PS tendencies both us-
n. ing purely JT and Coulombic interactions confirms the ro-
' bustness of this feature, and it also shows that mixed-phase
0.6 r 06 | A /\ ] tendencies cannot be ignored in theoretical studies of man-
_ [\ ganites. In addition, the similarities between models with JT
0al e T A W N phonons or Coulombic repulsions suggest that the techni-
’ \/ cally much simpler studies that use only phonons to mediate
041 \/ the interaction between electrons are qualitatively correct,
02} and likely capture the physics of more involved models
where both interactions are included.
0.0 . gl
0.0 0.5 1.0 12345678910
kit i VII. DISCUSSION AND SUMMARY
FIG. 15. (a) Charge structure factdi(k) vsk atn= 0.5 with the In this paper, the two-orbital model with the JT-phononic

realistic hopping forU’=10 andJ=6 in the 20-site chain. Two and/or the Coulombic interactions has been studied using a
values of V as shown and the enhancement of charge order i¥ariety of techniques. Three points have been confirmed in
clearly observed(b) The local densityn; vsi for the same param- this work. (i) The main properties of manganites can be re-
eter as in(a). Shown are results for half the lattice, the other half produced successfully by the purely JT-phononic model with
can be found by reflection. a large Hund coupling even if the strong on-site correlation
is not included explicitly, since the effect of such correlation
The spin structure factofnot shown is still peaked atk  ¢an be renormalized into the effective electron-phonon cou-
= /2 as atV=0, compatible with a staggered spin arrange-P!ing. (|_|) In particular, in the mean-field level, the JT-
ment involving the occupiedeven or oddi sites. The orbital Phononic model can successfully reproduce the CE-type
structure factor still has a large uniform component, althougf\FM phase with the charge-stacked structure of the 3D cu-
it has also developed a broad low-intensity peakatr. bic Iattlge atn=0.5, in excell_ent azgzreemenf[ with the Monte
Overall the characteristics of the state stabilized\byre ~Carlo simulations of Yunokiet al™ Even if the nearest-
orbital-uniform, charge staggered with periods of two latticeneighbor repulsionV is introduced, this phase is not easily
spacings, and spin staggered over the occupied Giteiod ~ destroyed due to the key role played by the magnetic energy
of four lattice spacings Thus, only when a sufficiently large 9ain, regulated bylag, in the CE- vs sCE-type competition
nearest-neighbor repulsion is included, the 0.5 CO state and the “topological” energy gain in the CE- v&-type
is similar to that found in the JT-phononic model reproducedcOmpetition. Particularly, it is stressed that the topology of
in the purely Coulombic model in one dimension. This resultthe zigzag 1D path is the key issue leading to the stabiliza-
seems in contradiction with the discussion about the chargdion of the CO/OQ state in the CE-type structure. The on-site
stacked structure observed in the half-doped material, since f¢oulombic model treated in the mean-field approximation
was concluded that is not the only origin of the CO state in @nd without JT phonons was also found to lead to charge
the manganite. However, as briefly discussed in Sec. Il C, iftacking due to the influence df. (iii) The purely Cou-
the zigzag 1D chain, not the straight 1D chain, is used in théombic model behaves in many respects very similarly to the
calculation, the CO phase can be obtained even in the pureRurely JT phononic one and, in particular, it presents the
Coulombic model withou, although the (82—r2)/(3y? phase separation tendency, especially when realistic hop-
—r?)-type OO phase cannot be obtained. From this viewings are used.

point, a DMRG study carried out on the zigzag 1D chain will Summarizing, both approaches to the problem of manga-
be interesting, but this is left for the future. nites, based either on Coulomb repulsions or phonons, share

common tendencies. This conclusion is in agreement with
_ the recent observatitfithat the percolative character of tran-
D. Partial summary sitions in manganites and its large magnetoresistance effect
The analysis of the two-orbital model that contains onlyarise from the competition between metallic and insulating
Coulomb interactions was instructive in several respects. Fdphases in the presence of disorder, independently of whether
instance, the study has shown that a spin-ferromagneti#iese phases are mainly generated by Coulombic or JT inter-
orbital-staggeredFM/OAF) phase appears naturally in this actions. Our results have provided robust arguments suggest-
context ain=1 for a variety of hopping amplitudes, result in ing that perceiving the “Coulombic” and “JT-phononic”
excellent agreement with those observed for a purely JBPProaches to manganites as qualitatively different ways to
model, also in agreement with the previous exact diagonalcarry out theoretical calculations is likely incorrect.
ization studies of Coulombic model3 Then, the FM/OAF
phas_e is_a robust feature of models for manganitfas and ap- ACKNOWLEDGMENTS
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ESSC. A.L.M. acknowledges the financial support from Fun-  Regarding the issue of whether any doped correlated in-
da@o de Amparo aPesquisa do Estado de &S@aulo  suylator produces PS, the following is our understanding of
(FAPESP-Brazjl. E.D. was supported by Grant No. NSF- the current theoretical literature for the cuprates. The most
DMR-9814350. clear manifestation of PS appears in thé model at large
J/t, where the tendency to form pairs of holes to minimize
APPENDIX: RELATION WITH PHASE-SEPARATION the number of broken.AFM bondg is.s.o intensg that clusters
THEORIES EOR CUPRATES of holes are formed instead of |nd|V|duaI. pairs. Herg thg
attractive potential energy among hole carriers originating in
Since a substantial portion of the paper is devoted to thghe AFM background dominates over the kinetic energy, that
issue of phase separation in models with Coulomb interacends to spread particles apart. &4 is reduced it has been
tions, in this Appendix extra comments are provided regardy matter of much controversy whether the PS effect survives
ing PS in models for high-temperature superconductory, the realistic smalll/t regime of thet-J model. While
(HTSC’9), issue which has been under discussion for almosty et giagonalization of small clustés, Monte Carlo
a decad@®®In particular, it is important to clarify the re- simulation$®% and high-temperature expansihssug-

lation bgtween HTSC phase separation and the PS pheno ested that af/t of order unity the effect would disappear,
enon discussed here for manganites. In fact, some autho

strongly believe that any doped correlated insulator shoul her argu_n_wen?§ and further computational wofkopened
have PS, and in this respect the results for manganite mode ge pOSSIbIlIt.y fgr PS to exist at z.i” value_th. Very recent
would be a more particular case of a general framewdrk. MRG stud|e§. for Iadders.of increasing number of Iegs
However, it has to be discussed in detail to what extent ther&oW that previous calculatidtfsmay not have been suffi-
is convincing theoretical evidence that indeed any doped in¢i€ntly accurate and the new results suggest that PS indeed
sulator phase separates. If this is not clear, the relation b&nly occurs at intermediate and large valuesifin the 2D
tween PS in cuprates and manganites weakens considerably) model. This same conclusion becomes more clear once
The discussion in this context also has to involve two othe€xtra hopping amplitudes are added to the model. In this case
important aspects of the problem, namely the microscopithe substantial hole mobility induced by the extra hoppings
origin of PS, and its phenomenological consequences, pashifts the PS regime to values 8ft larger than in the pure
ticularly when extended Coulomb interactions are included.t-J model casé€®’! Then, the proposal thatny correlated

In our opinion, there are several differences between thénsulatorwhen hole doped should become phase separated is
PS phenomena proposed for manganites and cupr@jes. still not confirmed using unbiased techniques in simple mod-
The properties of the two competing phases are not the samels for cuprates.
In manganites, an undoped AFM phase and a hole-doped FM Regarding the phenomenological aspects of the PS re-
state are involved, while in cuprates it is an undoped AFMgime, the issue of microscopic PS that may appear in man-
state and a hole-doped paramagnet or superconductor. tyanites has certainly been discussed before for cuptates.
models for HTSC's, ferromagnetism does not play an activean this context the Coulomb interactions break into small
role at realistic J/t couplings, while it is crucial in pieces the macroscopic clusters of the two phases in compe-
manganite§® Note that the AFM state that is doped in 3D tition, since they have different electronic densities. Stripe
real manganites has staggered spin order onlgnedirec-  patterns emerged from calculations carried out mainly close
tion, while it is ferromagnetic in the other twa\(type AFM  to the atomic limit®’2 where the attraction leading to PS
ordep. In fact, PS can occur in the two-orbitals models for plus the Coulomb repulsion are in competition. In the con-
manganites in 1D and 2D without actually involving the text of nuclear physics similar patterns have also been
AFM state, but only having two competing FM states, asdiscussed® In addition, Nagaev studied the formation of
discussed in the main tektHere the orbital degrees of free- finite-size clusters of one phase embedded into the other,
dom and JT phonons play the key role needed for PS, whilenainly for antiferromagnetic semiconductdfsThen, the
they are not important in the cupratés) PS in models for simple picture of astablestate formed by small clusters of
manganites occur even in one dimension in regions of couthe competing phases, somewhat similar to the CDW pattern
plings that are realistic, as described in this paper and previsbtained in the 1D calculations with nearest-neighbor repul-
ous ones, unlike-J model results in the same dimension sions, is certainly common to manganites and cuprites.
where PS only happens at large values/tf and it does not By analyzing the properties of a general Ginzburg-Landau
occur at all in the one-band Hubbard modél.) The study free energy, the thermodynamic stability of stripe or other
of PS in models analyzed in the infinite dimensional limit nonuniform phase was discuss@d.
leads to different conclusions between cuprates and manga- In short, the discussion presented in this Appendix sug-
nites, although this issue is still controversidf. (iv) Bi- gests that the PS phenomena in models for manganites and
stripe order has been claimed to exist in mangafitéfow-  cuprates, while sharing the general common ingredients of
ever, recent calculations by Hoaal? have shown that the any PS regime, are different in origin and they must be con-
manganite bi-stripes are better interpreted as arising frorsidered separately in their study. However, certainly the last
zigzag conducting chains runningerpendicular to the  word has not been given on this interesting issue, and more
charge stripes once electron-phonon JT-couplings arevork is needed to fully clarify the potential relation between
switched on. For this reason, in our opinion, it is prematurecuprates and manganites.
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