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A comprehensive analysis of half-doped manganites is presented using Monte Carlo simulations applied to
the double-exchange model with cooperative Jahn-Teller lattice distortions in two dimensions. A variety of
results are reported. In particul@y The phase diagram is established in ¥i8,¢ plane, with\ the electron-
phonon coupling and e the antiferromagnetic exchange between clasdigakpins. The results include
standard phases, such as the CE-insulating and FM-metallic regimes, but they also include states, such as a
ferromagnetic charge-orderd@O) orbital-ordered phase originally predicted by Ho#gal. This state is
compatible with recent experimental results by Lou@oral. (ii) For realistic couplings, it was observed that
the charge disproportionatiof of the CO phase is far from the widely accepted extreme li#nit0.5 of a
3+/4+ charge separation. A far smallérappears more realistic, in agreement with recent experiments by
Garciaet al.and Daoud-Aladinet al. (iii ) Colossal magnetoresistan@@MR) effects are found in calculations
of cluster resistances using the Landauer formalism. This occurs near the ubiquitous first-order phase transi-
tions between the insulating and metallic states. The present result reinforces the previous conjecture that CMR
phenomenology exists in two forms: the low-temperature CMR addressed here and the more standard CMR
above the Curie temperatur@v) The CE state is found to beery sensitive to disordesince its long-range
order rapidly disappears when quenched disorder is introduced, contrary to the FM state which is more robust.
This is also in qualitative agreement with recent experiments by Akatetstli and Nakajimaet al. (v) The
phase diagram in the half-dopetectron dopingegime is briefly discussed as well. A charge-ordered state is
found, which is the analog of the=0.5 CE phase. It contains at32+ charge arrangement at large
Numerical results suggest that an approximate symmetry exists between the hole- and electron-doped systems
in the large Hund coupling limit.
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[. INTRODUCTION appears at low temperatures, with a glassy behavior involv-
ing coexisting clustergrig. 1 (lower panel]. Simulations by
Manganites are currently attracting considerable attentioBurgy et al® have shown that the clustered state between the
mainly due to the presence of the colossal magnetoresistan€airie temperature and the clean-limit critical temperature
(CMR) effect in magnetotransport measuremérftin addi-  (T*), with preformed ferromagnetic regions of random ori-
tion, these materials have a complex phase diagram with gntations, has a huge magnetoresistance since small fields
plethora of ordered phases, a typical characteristic of correk@n easily align the moments of the ferromagnetic islands,
lated electron systems. Many experimental and theoreticdf@ding to a percolative conductor in agreement with
investigations have unveiled the inhomogeneous character grperiments. The quenched disorder simply triggers the sta-

the states of relevance to explain the CMR phenomenorpilization of the cluster formation, but phase competition is
the main driving force of the mixed state. It has been

with a competition between ferromagnetic and antiferromag- 9 . )
b 9 g peculatedithat similar phenomena should occur in a variety

netic states that indu xistence of clusters, typicall ; X . )
elc states ces, coexistence o sters, yp f materials, including, for example, the high temperature

with nanometer-scale siz&§ he rationalization of this phe-
nomenon, and concomitant explanation of the CMR effect issuperconductors where nanoclusters have been found.
' P ’ In spite of the phenomenological success of the previous

based on the first-order transitions that separate the meta”ifalculations discussed above, there are many issues that must
and insulating phases in the clean limite., without

: 15 : - . be further investigated in the manganite context to reach a
disordej.”“ The first-order character of the transition is oasonable understanding of these matetfatsa recent dis-
caused by the different magnetic and charge orders of thg,ssion on open issues see Réf.I6is the purpose of this
competing states. The clean-limit phase diagram is iIIustrategaper to contribute to manganite studies by addressing a va-
in Fig. 1 (upper pangl When quenched disorder is intro- riety of open topics, using computational techniques applied
duced in the coupling or density that is modified to changeo realistic models for Mn oxides. In particular, here the
from one phase to the other, the temperature where tle¢ Nephase diagram at hole-densiky=0.5 is presented for the
and Curie temperatures meet is reduced in value and evegase ofcooperativeJahn-Teller phonons in interaction with
tually reaches zero as in Fig.(iniddle panel. Upon further  carriers. Previous studies mainly focused on noncooperative
increase of the disorder strength, a spin disordered regiophonons The phase diagram reported below in Fig. 2 has
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FIG. 2. Phase diagram of the half-doped 2D two-orbitals model
FM glass CO/AF Wi.th coo.pe.rat.iv.e Jahn-Teller phonons m~0. The Hund cou-
pling J4 is infinite. The phases were obtained analyzing the cross-
ing of energieqas explained in Fig.)3 and alsoS(k), T(k), and
g N(k) (see definitions in text The magnetic phases present are FM,
CE, CE, and AF. The symbols C@D) stand for charge-ordered
FIG. 1. (Top) General phase diagram of two competing phaseg-disorderedl phases. OFM corresponds to a homogeneous state
in the absence of quenched disorder when this disorder is very with dominant unifornx?—y? orbital order. The staggered orbital-
weak. Thick (thin) lines denote first(secong-order transitions.  ordered states, OO, have the standard “CE” pattern, present in the
Shown is a tricritical case, but it could be bicritical or tetracritical asthree phases. The FM-CD-OFM phase is metallic, the rest of the
well. g is some parameter needed to change from one phase to thfhases are insulating. Thick lines denote first-order transitions, and
other.(Middle) With increasing disorder, the temperature range withthe dashed line is second order. The lines are smooth interpolations
first-order transitions separating the ordered states is reduced, apgtween a finite but large number of points obtained numerically.
eventually for afine-tunedvalue of the disorder the resulting phase
diagram contains a quantum critical point. In this context, this

should be a rare occurrenc@ottom) In the limit of substantial . . .
quenched disorder, a window without any long-range order opens &¥idely accepted view of the extreme+34+ separation

low temperature between the ordered phases. This disordered st&t6€ds to be revisited. A much milder charge separation ap-
has glassy characteristics and it is composed of coexisting clustegears more realistic.
of both phases. The size of the coexisting islands can be regulated The x=0.5 phase diagram of the realistic model studied
by the disorder strength and range, and by the proximity to théhere is also analyzed in the presence of quenched disorder, to
original first-order transition. For more details see Refs. 2 and 3test the results of phenomenological models, such as those
The new scal@™ discussed in the text—remnant of the clean-limit shown in Fig. 1. Overall, good agreement with previous
transition—is also shown. studies is found, but surprises are also reported such as the
strong sensitivity of the CE phase to quenched disorder. This
interesting features. For example, it contains the realistic FMbehavior is also in good agreement with recent experimental
charge-disordered and CE charge-ordered phases well knowesults by Akahosheét al* and Nakajimaet al,*?> where an
from experiments. In addition, further evidence is providedasymmetry between the behavior of the FM and CE phases
that the transition from the FM to the AF state is first order atwas observed when disordered was introduced in some ma-
low temperatures. This first-order property allows us to ob-erials withx=0.5. Finally, sinceslectrondoping of manga-
tain a huge magnetoresistance effect even working on smatlites has also been experimentally actively pursdetthe
clusters, since small magnetic fields can unbalance thmodel studied here is analyzed for the case of electron dop-
ground state from antiferro to ferro, in the vicinity of the ing as well, with an electronic density per site equal to 1.5. A
competition region. For the calculation, techniques borrowedtate quite similar to the CE phase is observed, which could
from mesoscopic calculations using the Landauer formalisnibe found in future experiments.
are used. The shape of the phase diagram with increasing The overall conclusion is that theoretical studies of real-
temperature is in good qualitative agreement with recent existic models for manganites using unbiased techniques are
periments that established the bicritical form of tk'e 0.5  unveiling a remarkable qualitative agreement with experi-
phase diagramMoreover, a phase is found with both charge ments. While previous phenomenological descriptions of
and ferromagnetic order, in agreement with previousmanganites are reasonable approximations for the under-
calculation$® and also with recent experiments by Loudon standing of the puzzling CMR phenomerfomany other
et al1° Another feature of the results found here, which is infeatures observed in the present studies still need further in-
good agreement with recent experimefis be discussed vestigations, such as the strong sensitivity to disorder of the
below), is the value of the charge disproportionation. TheCE state.

insulator
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Il. METHOD AND DEFINITIONS electrons to be studied, namely, the simulations are carried
out in the canonical ensembl@ee Appendix However,
simulations directly in the grand canonical ensemble varying
chemical potentials were also carried out. In the present
H=— 2 5 (d] diiay,the)—y2 S work, all the calculations were made on a two-dimensional
iayy' o : (2D) 4 4 cluster, mainly with fillingx= 1/2, as explained in
the Introduction. Currently, it is not possible to comprehen-
+Iar > S-S,H\E (Q1ipit Qai7yi+ Q3i75) sively study larger systems, unless in special cases, due to
(i) ‘ the considerable central processing unit time that the diago-
nalization process needs, and the large number of parameters
+(1/2) 2 (BQ3+Q5+Q3), (1)  that must be varied to fully explore the phase diagram. In
! spite of the size limitation of our effort, the results reported

wheredi,, (dip,) annihilates are, electron with spino in here have a plear physical in't(.erpretation anq size_ effects ap-
the dyz 2 (dgy2,2) Orbital at sitei, anda is the vector pear to be mild for the quantities that were investigated.

connecting nearest-neighb@N) sites. The first term is the t_Updates of thets%in and phtogor{ia ’dai_’“ix ,tuiyihcorl\l/liigtu— i
- : o Ca rations are accepted or rejected according to the Metropolis
NN hopping ofey electrons with amplitude’ , betweeny

. o algorithm. The number of MC steps per site is typically
and 7’,X orblials along the a direction: t;:=~\3ty  en as 3000 for thermalization, with an additional 10 000
= — \3ty,=3t},=t for a=x, and t)_éa: V3th= ‘/§t_%a: 3t_%b for measurements. The simulations usually started with ran-
=t for a=y (our study will be restricted to two-dimensional gom states at high temperature, and then the temperature was
latticeg. Hereafter is tak_en as the energy unit. In the_sec- decreased slowly, but at very low temperatures some of the
ond term, the Hund coupling (>0) linkseg electrons with  gjmylations started with ordered states to speed up the con-
Spin§=3 407,050, (o= Pauli matrices) with the lo- vergence. The results of the simulations were analyzed using

calized t,g-spin S, assumed classical witf§[=1. Jy is  three separate but related quantities: the spin structure factor
here considered as infinite or very large. The third term is the

AFM coupling Jae between NNt,, spins. The fourth term N

couplese, electrons and Mn@octghedra distortions, is a S(k)= .EJ <3'§>e'k ri=ry, (2

dimensionless coupling consta)y; is the breathing-mode ) )

distortion, Q,; and Qs; are, respectively,x?—y?)-and (32  ©f the classical spins, the charge structure factor

—r?)-type JT-mode distortions,p;=3, ,dl di,,, 7y

=3 (Al dio+ A iay), AN 75 =2 (A, dia, — i, i) N(K) =, (pippel i), k)

The fifth term is the usual quadratic potential for adiabatic L

distortions andg is the spring-co_nstant ratio for breathing .4 the orbital structure factor defined as

and JT modes. In actual manganitgs; 2 (see Ref. 14 and

this is the value, unless something different is stated, we will ,

consider throughout this paper. In undoped manganites, all T(k)=2 (T;- Tpetimm), 4

oxygens are shared by adjacent Mn@tahedra and the dis- h

tortions are not independent, suggesting thatctheperative  with T,= (7, \Tyi,T7) and Tyi:iza(d;ragdiba_drbgdiaa)-

effects are very important. This observation is likely valid Frequently, visual investigations of snapshots of the spin and

even at finite hole densities, since experiments show thghononic configurations at low temperatures were useful to

presence of orbital ordering in the half-doped regime. Toguide the intuition. Some dynamical properties were also

consider this cooperation, here oxygen ion displacements;ydied, such as the density of states. For details see Ref. 2.

denoted by andu?, are directly optimized? More sophisticated techniques used to study the conductance
It has been clarified in previous literatute.g., Ref. 2 of clusters are described later in the paper.

that a large Hund coupling as used here suppresses double

occupancy of the same orbital, and in this respect behaves as Ill. LOW-TEMPERATURE PHASE DIAGRAM

a HubbardU interaction. In addition, a robust coupling

also acts as B’ repulsion between electrons in the same site  The phase diagram of the double-exchange model with

but different orbitals. As a consequence, it is a reasonableooperative JT phonons at=0.5 is shown in Fig. 2. The

approximation to neglect the Coulombic interactions in theproperties of each phase were analyzed through the spin,

problem, which simplifies enormously the computational ef-charge, and orbital correlations in real and momentum space

fort. defined in the previous section. Varyidgge three spin re-
The model will be analyzed primarily using a classical gimes were identified, similar to those reported in preceding

Monte Carlo (MC) procedure for the localized spins and investigations® Typical results for the evolution of the en-

phonons, in conjunction with exact diagonalization of theergy with J5r are presented in Fig. 3, clearly showing the

conduction electron system. This last part of the process cothree states that compete at fixedUsing this procedure, the

responds to the solution of the single-electron problem wittphase diagram was constructed. Note the clear first-order

hoppings determined by the localized spin configuration. Théransitions separating the different phases, shown in the fig-

resulting energy levels are then filled with the number ofure as level crossings.

The Hamiltonian studied in this paper is
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-16 ' . ' - ' - \. However, at large electron-phonon coupling the situation
r=1.8 changes qualitatively. In this regime, a “polaronic” state
174 x=1/2 1 seems to be stabilized, where eight electrons present in the
= e B Tt 16-site cluster studied here become trapped in random loca-
5’) 89 '\.. ] tions. If in this random distribution some of the electrons are
5 _,#' . 1 close to one another, local orbital order similar to that of the
c 197 % T x=0 limit was observed. Again, this AF phase has not been
L Y 1 observed experimentally yet, but the recent progress in the
201 FM CE AF %, iy discovery of new phasdsee the following sectigrsuggests
that this remains a serious possibility.
'210.00 T o05 | 0d0 045 020 oos - 050 The regime of small,r coupling is dqminate_d by the FM
J i states. The larg&-zone has a state, which is discussed in the

following section. At intermediate and small couplings, the
state that dominates at low temperature has the characteris-
tics of the FM metallic state well known to exist in three-
and loweringT slowly. For this value of, the three FM, CE, and d'men,s'onal Mn oxides. Fpr mstgnce, in the charge Se.Ctor
AF phases have OO with thiz_,2— dye_y2— d3y27r2 usual alter-  there is no order. Regardmg orbital order, the correlat}ons
nation of orbitals, distributed in zigzags. TR&—y? orbitals at the ~Suggest the presence of a uniform arrangement. This uniform
“Mn 4*” sites are populated at small and moderate values.ofhe ~ Orbital order at smallx is not produced through a
three phases also have checkerboard-type charge ordering. Near fgontaneous-symmetry-breaking process, but it exists as a
crossings of levels we have observed a notorious slowing down ilirect consequence of the form of the kinetic energy in our
the convergence of the MC calculations. Lines are guides to the eyéwo-dimensional simulations. To show this, the procedure is
Very similar results were obtained at several valuea @nd were  the following. Consider the limit of Hund coupling infinite as
used to construct Fig. 2. in our studies, and alsb=J,z=0. In this case, the Hamil-
tonian can be diagonalized exactly in momentum space and
In agreement with well-known experimental results forthe ground state for the X4 cluster can be exactly con-
half-doped real manganites, a CE phase is stabilized in thgtructed. In this state, the mean value of the number operator
intermediatel . range. The actual correlations for this phasefor the two orbitals of relevance can be calculated as well.
will not be shown explicitly here since they have appeared inThe results are not equal for the two orbitals, but there is an
some previous investigatiolfsand our results agree very asymmetry in favor of the—y? orbital. Then, in this re-
well with those results. However, there are issues to remarkpect the uniform orbital order in the state is explicit in the
not discussed before. For example, note that the CE phasefigodel, and it is not induced by the JT phonons. These con-
present not only at large but also at small electron-phonon clusions were also checked on larger lattices, such as 20
coupling. This last result suggests that a nonzhgois suf- X 20, and in three-dimensional clusters.
ficient to stabilize the zigzag chains characteristic of the CE
region. Hottaet al’ proposed that a band-insulator picture
is needed to understand this phenomenon, and the present
results support this view. It is the geometry of the zigzag Itis interesting to remark that the phase diagram in Fig. 2
chains that plays the key role in stabilizing the CE state. Thigontains not only the FM-metallic and CE-insulating
result may have important consequences for experiments ghases—well established experimentally—but other phases
discussed below. The dotted line represents a continuowss well. For example, at largk,r an AF phase exists in a
transition between the standard CE phase and a cantéd Clide range, and this phase could be observed in future ex-
phase. To understand the characteristics of the new CBEperimental investigations, as already discussed. Even more
state, note that the standard CE phase can also be interpretextiting is the case of the ferromagnetic charge-ordérét!
as an arrangement of parallel AF zigzag chains, displace@O) phase in the upper-left corner of Fig. 2. This phase was
one lattice parameter in the and y directions simulta- found in previous investigations by Hotéa al.” using coop-
neously. When the relative spin angle between the neighboerative phonongand suggested by Yunokit al® as well,
ing AF zigzags ism, we have the normal CE phase. In the using noncooperative phongnst is quite remarkable that
CE' regime this relative angle varies continuoslynasr J,=  recent experimental efforts by Louden alX° have unveiled
are increased. Finally, when this spin angle between neighthe presence of a FM insulating phase at half doping, com-
boring AF zigzag chains is 0, we recover the normal AFpatible with the FM/CO state found in the Monte Carlo
phase. simulations. For completeness, in Fig. 4 the orbital arrange-
At sufficiently largeJae coupling, an antiferromagnetic ment of the FM/CO phase found in our simulations is shown,
spin arrangement is found. This phase has not been observetthough it has been already presented in Ref. 7. The orbital
yet experimentally, but there is no reason to believe that therder corresponds to the same pattern &f-3r2/3y2—r2
state cannot exist in some Mn oxide. Within the accuracy obrbitals of the CE phase, but the spins are arranged ferro-
our study, this AF phase is believed to have no long-rangenagnetically, sincd,r is not large enough to induce the CE
order in the orbital and charge degrees of freedom. This comrder. Future experiments will clarify if indeed the theoreti-
responds to a nearly uniform arrangement of charge at smatially predicted FM/CO reginfé corresponds to the results

FIG. 3. MC energy vslae for x=1/2, A=1.8, T/t~0. This
low-T energy is calculated after starting with a random higbtate

IV. NOVEL FM /CO PHASE
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FIG. 5. (a) MC energy vslag for x=1/2, A\=2.0, T/t~0. The
location of the level crossings were used in the [Bvwphase dia-
ppram of Fig. 2.(b) Spin structure facto(q) as a function ofT/t,
for g=(0,0) andJAr/t=0, indicating that at lowl the FM phase is
stabilized.(c) S(q) vs T/t, for Jo/t=0.05,A=2.0, and momenta
reported in Ref. 10. Note that the discovery of more phased~ (0:7) anda=(.0), characteristic of the CE phase) Charge
than previously known is a recent interesting trend, both instt)rUCtUIre f"":ftg"\'ﬁq) vs Tt .for the same parametﬁrs as(@). :n.
experiments and theory. In fact,>at0 anE phase has been (b), (c), and(d) the approximate temperatures where correlations

observed in simulations by Hotet al.,'® as well as in ex- become robust are indicated by arrows.

periments by Kimuraet al"® Many surprises may still be o tendency in simulations at largeto spend consider-
found in manganite investigations, even at the rather elemeng, o \1onte Carlo time trapped in competing states, as it
tary level of characterization of states, since its strongly COyecurs in glassy systems. In spite of these complications, the
related character creates a plethora of phases that are Hﬁase diagrams such as Fig. 6 are sufficiently informative to

strong compedtition. unveil the dominant properties of the system.

FIG. 4. Orbital, spin, and charge arrangement for the FM-
CO-00 phase. Thex#—r? and 3y?>—r? orbitals represent the
Mn3* ions, while the empty sites represents the*Mrsites. This
state was presented for the first time in Ref. 7. Evidence of a F
phase with checkerboard CO pattern has been found re¢ntly.

V. PHASE DIAGRAM VARYING TEMPERATURE T T T T

. . i 0.20 2=2.0 .
The properties of the model studied here were also inves- | *
tigated at finite temperatures. In this case, the errors in the PM ?% .~
estimations of the phase boundaries are larger than at zero  0-157 OG0 ]
temperature. The reason is thatTat 0, the first-order tran- — : © oo o 9 %&g' .
.. . . 7
sitions can clearly be established through level crossings, 3~ 1o O e oo I % ¢ 4
. ; ) . I_o.1o 3 (00%) o% S %0
which exist even in small systems. However, the continuous | wACQ CO a %2 © |
transitions that are found at finité can only be roughly . o® ‘/‘_1—};;:\4\ AF
located on small systems based on spin, charge, and orbital 9057 = N T
correlations at the largest distance available in the clusters 1 AL CE A
studied. In spite of this problem, the results shown here are 0.00 A N —
sufficiently accurate to understand the main trends in the 0.00 0.04 0.08 0.12 0.16 0.20
phase diagrams. J /‘t
Typical results can be found in Fig. 5. The level-crossing AF

procedure shown iffa) establishes easily the phase diagram
at low T. At finite T, the momentum space correlations show
a rapid increase upon cooling at characteristic temperatur

FIG. 6. Phase diagrari/t vs Jae/t of the 2D two-orbitals
cooperative-phonon model at=2.0. T, Tce, andT e are repre-
. . . %2nted by squares, triangles, and asterisks, respectively. These tem-
[see Figs. —d as typlpal exampldsdue to the. |ncrea§e of eratures are a crude estimation of the magnetic ordering tempera-
the real-space correlations at the largest available distanc€s;es of the FM, CE and AF phases, obtained in our small cluster
These temperatures are the best approximations to the trg,jations, as explained in the text. The oscillations in the results
bulk-limit critical temperatures that our investigations cangre indicative of the error bars in the critical temperatures. The
produce at present. temperatures Tco) where charge and orbital correlations become

An example of the phase diagrams constructed by thismportant upon cooling are marked by circles and a dotted line.
procedure is given in Fig. 6, where the results\at2.0 are  Transitions to the paramagnetiPM) and CO phases are second
shown. Here, the “oscillations” in the characteristic tempera-order. Transitions FM-CE, and CE-AF are first order at low tem-
tures are indicative of the errors in our procedure, and of th@eratures.
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00 02 04 06 08 10 _ FIG. 8. Phase diagram of_the two orb_ltals model with coopera
tive Jahn-Teller phonons at=1.3 and 3=100. The results are
y smooth interpolations using the numerically available data, and in

this respect they are not exact. The notation is standard. Note that at
FIG. 7. Experimental phase diagram of the half-doped com-his coupling there are pseudogap features in the density of states
pound Pgs(Ca _,SK)osMnO;, reproduced from Ref 9. The above the ordering temperatures, and a hard gap below those criti-
charge- and orbital-ordered insulator and ferromagnetic metalli€al temperatures. The gray area is a region where the simulations
states are denoted by CO-OOI and FM, respectively. The transitiongive a mixture of orders, for the large number of iterations carried
from (to) the CO-OOI phase are represented by circles. The transiout.

tions to the FM phase are represented by squares. Tké thia- N ) )
perature is represented by solid triangles. The gray area indicatd¥lized above the CE state, before turning paramagnetic upon

hysteresis. Note the presence of a FM phase above a CO/AF phadgfther heating. The gray region denotes a regime where
compatible with our results, as discussed in the text. charge ordering appears, but not spin or@f@wever, note
that this region with phase competition is particularly com-
Some of the properties of Fig. 6 are worth explicitly dis- Plicated to study due to the presence of many competing
cussing. minima in the free energy
(i) The Neel critical temperature of the CE state is the _ Figure 9 illustrates the presence gép and pseudogap
lowest among the three dominant states. This may explain ifPG features in the density of staté®OS), due to the ro-
part its sensitivity to disorder discussed later in this paper. bust value ofs used. At low temperatures in the CE phase,
(i) At large \, charge order in the CE phase occurs at athere is clearly a gap due to charge ordering. However, the
temperature larger than the' &léemperature, as it occurs in existence of a reduced DOS at the chemical potential in the
many manganite experiments. form of a pseudogap survives the increase of the tempera-
(iii) In the range ofJ, between 0.02 and 0.03, the CE ture, and above thg Neetemperature 'the effect appears to be
phase is stable at loW; but upon heating the FM state is caused by dynamical Jahn-Teller distortions. This result re-

stabilized, before the system becomes paramagnetic. This cu-

rious behavior is compatible with experimental results re- DoS _ T=0.L;t
cently reported by Tomioka and Tokutaeproduced in Fig. ——— T=0.08t Jpp=017
7. It is remarkable that the model studied here is able to P X1 J S— T=0.02t A=13

gualitatively reproduce even this fine detail of the real phase
diagram ofx=0.5 manganites. The different dimensionali-

ties between experiments and the simulations reported here 4
are not a problem, since it is well known that the phase H
diagrams of the double-exchange model are qualitatively 1.0 |
similar in the dimensions of intere%t.

-

ZE s xm~

—

In Fig. 8, the numerically obtained phase diagram\at
=1.3 is also shown, as representative of the intermediate
range. As in the previous cases, the information was obtained
on a 16-site lattice, using spin correlations at the largest 0.0 . <
available distances to decide which tendency dominates in 30 -20 -0 00
the ground state. Instead of showing explicitly the numbers
defining the lines as done in Fig. 6, here a smooth average is g 9. Density of states obtained numerically at the couplings
presented for simplicity. Error bars similar to those of Fig. 6and temperatures indicated. Comparing with Fig. 8, these results
should be assumed at=1.3 as well. In good agreement show that pseudogap features appear in the DOS above the ordering
with the results at othex’s, the Curie temperature in Fig. 8 Neel temperature of the CE state, at=1.3 and 8=100.
is found to be larger than the CE critical temperature, andPseudogaps have also been observed in many previous investiga-
there is a region of couplings where ferromagnetism is stations (see Refs. 20-22, for instance

B

~.
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inforces the notion that a large depletion of the DOS at the 0.5 T T T T T T g
chemical potential should be present in a broad range of .
couplings and temperatures in models for manganites. The 0.4 1 1
existence of a PG feature was first noticed theoretically by CE phase .

Moreo et al?® and experimentally in photoemission experi- 0.3 x=1/2 . .
ments by Dessaet al*! More recently, in optical conductiv- o)

ity experiments by Noh and collaboratéfsPG features 0.2 ’ i
were also observed. Pseudogaps in DOS alter substantially s

the transport properties of the system, and in addition they 014 _
suggest interesting similarities with other materials—such as ] .,..v---"

the cuprates—where pseudogap features have also been oo @€ T
identified. In fact, most of the phenomenology of the Mn and 0.0 0.5 1.0 15 2.0 25
Cu oxides is similar, with phase competition being an impor- A

tant ingredient to understand phenomenologically their ) o )
propertiesz.3 FIG. 10. Charge disproportionatiahvs \, calculated in the CE

phase of Fig. 2. Starting at=0, the values ofl5¢ used are 0.25,
0.25, 0.25, 0.25, 0.2, 0.2, 0.2, 0.15, 0.15, 0.1, 0.1, 0.05, and 0.05,
VI. CHARGE DISPROPORTIONATION due to the tilted shape of the CE phase. A va#€0.5 corresponds

. . o the standard charge ordering, with #nand Mrf* arranged in

Our CalCUI.atlons allow !JS to add.ress theoretically a_ FeCeN, checkerboard pattern. To reproduce this extreme charge-ordered
controversy in the experlmental Ilteratqre “‘f'ateq with thestate an abnormally large value ®fis needed. More realistic pa-
actual value of the charge disproportionation in chargey,meters correspond to a far less dramatic charge separation.
ordered half-doped manganites. The “standard folklore”
since the 1950s says that the CE state is made out of a chedkended nature of the CE phase in the phase diagram Fig. 2
erboard distribution of 3 and 4+ charges. However, on forces us to adjusl,- as\ changes The entire CE region
theoretical grounds this state appears to be too “extreme.has a nonzer@ according to Fig. 10—compatible with its
Since the work of Yunoki and collaboratrsstablishing the insulating nature—but clearly there are three qualitatively
phase diagram of manganite models with JT phonons at different regimes. At smalk, the small value o suggests
=0.5, it has been noticed that the CE phase is close to that the charge ordering arises as a consequence of the more
ferromagnetic metallic phasmnly at small and intermediate dominant zigzag chain formation, as predicted by Hetta
values of the electron-phonon coupling Having the two  al,}” namely, the spin order dominates over the charge order-
phases close to one another is important to understand theg. Increasing\, a crossover regime is observed in Fig. 10,
phenomenology of La ,CaMnO; (LCMO), where it is  which is itself followed by the extreme case of 24+ sepa-
known that the two phases “touch” at=0.5, in the phase ration at very largex. Since the phase diagram of Fig. 2
diagram varying the Ca concentration. If indeet notvery  shows that the FM charge-disordered and CE phases are in
large, then the charge-ordered state should be far from theontact only below =1.2, this implies an upper bound of
3+/4+ extreme separation. In fact, recent experimentabpproximately5=0.15 in the charge disproportionation, a
work by Garciaet al, Daoud-Aladineet al, and others have result far from the more standard assumpti®n0.5. If \ is
revealed a very weak signal for charge disproportionationslightly reduced from 1.2 to 0.8§ can be as small as 0.05,
and the standard-8/4+ has been severely questiorféd. compatible with the recent experimental information. As we

How can we understand this challenging new phenomhave stated before, a large Hund coupling suppresses double
enology? A recent key observation by Ho#tieal."’ indicates  ocupancy of the same orbital. This interaction together with
that the CE state may have an origin totally different fromthe electron-phonon interaction and elastic energies behaves
the “large Coulomb repulsion” view of Goodenougbr the  Jike the HubbardJ interaction?® The exact equivalence have
large\ analog in the presence of JT distortipnis the new  not yet been clearly established. Our results are in good
perspective, the formation of the zigzag chains of the CEagreement with van den Brirdt al. in the sense that turning
state can occur even at very smalsince these chains lead on \ in our study (U in Ref. 25, the charge migrates from
to the optimization of the kinetic energy in the presence of ahe corner sites of the zigzag chain, to the bridge ones. How-
nonzeroJag. In this context, the insulating character arisesever, the maximum charge disproportion available in our
mainly from a band-insulator picture, already present in themodel (5=0.5) differs considerably from thé=0.185 re-
study of individual zigzag chains. The validity of this view is sult obtained fold=. These discrepancies deserve further
clear in the phase diagram of Fig. 2, which shows a CEnvestigations to clarify the range of validity of both models.
phase thaextends tov=0, a result quite difficult to under- From all these considerations, our conclusion is that indeed
stand from the larga- standard perspective. Since the FM the standard extreme view of the CE state needs revision. In
metallic and CE phases are not in contact at large the  fact, the surprising sensitivity of the CE state to the introduc-
theoretical phase diagram, and since experimentally they atgn of disorder(to be discussed belgwnay be indicative of
known to be close in energiat least for LCMQ, then the  a fragility which intuitively appears more related to the small
3+/4+ view of the CE state must indeed be revisited. N\ zigzag-chain-driven regime than to the large limit.

Figure 10 shows the numerically obtained charge dispro€learly, the last word on the nature of the CE state has not
portionationé along the CE phase varying (note that the been said, and more work should be devoted to this issue.
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VII. INFLUENCE OF QUENCHED DISORDER ON THE 0.35 T T T : T T T T
PHASE DIAGRAM AND FRAGILITY OF THE CE 030 clean limit (a) |
PHASE ] “a
. . . . 0254 = e, .
In Fig. 11(a), the numerically obtained phase diagram at ] S ‘0.
fixed N=1 varyingJar is shown in the absence of disorder egms 0.20-~- Pt W .
T i g ] . ~Je PM
(clean-limiy. The shape is similar to the results presented |n|_ 015 ~.o . ]
previous sections at others, with competing FM and CE o Tt - A
phases. Shown are also lines of constant spin-spin correla 0.10 Y s Y .
tions, which will be useful to understand the results in the 1 FM e ,_’;0__‘_\t-
presence of quenched disorder. In Fig(d1the modified b ’\-. -C_)E— ]
phase diagram after introducing disordedjt} is presented. 0.00 T T — . .
The disorder is included by selecting the couplihg be- 0.00 0.05 0.10 0.15 0.20 0.25
tween localized spins at every link as the uniform value plus JAF/t
an extra contributiomAJ,g, which is randomly added or 0.35 , — T
subtractedi.e., a bimodal distribution is usgdn agreement - disordered (b) 1
with the expectations described in the Introduction, Fig. 1, e AJ. =0.07 ]
including disorder the lines of constant spin correlations 025 @ aF .
bend and reach zero temperature at particular valudggaf 1 ‘. 1
This is to be contrasted with the clean-limit case in Fig. g 0.20 s, Peg PM 7
11(a), where the lines of constant correlations “collide” with I_ 0.154 ., ° ]
the CE phase, rather than reaching zero temperature as wit ; ‘\\ N &
disorder incorporated. The behavior of Fig.(lis indica- 0.10+ N i‘n " .
tive of the presence of a spin-disordered window separating .1 FM %y el NN
the FM and CE phases, as in Fidcil T N b CE Glass
However, the situation appears to be more complicated 0.00 ; b2 ————
0.00 0.05 0.10 0.15 0.20 0.25

than previous discussions would have suggested. The reasc
is that the CE phase was here found to be abnornsalhsi-
tive to disorder At least for the value of disorder used, a
glassy state is obtained in approximately the same regior
where the CE phase was found to be stable in the clean limit
The glassy nature of the CE region appearS(ik) and it is
very clear in the Monte Carlo snapshdisot shown that
present distorted zigzag chains and patterns of charge
ordering—nearly frozen as the Monte Carlo time
evolves—in a glassy-looking arrangement. The effect is alsc
manifested in the small value of correlations, as shown in
Fig. 11(c), which contains the spin correlations at the largest
distance on the small cluster used. Without disorder, this cor-
relation has the largest allowed value in both the FM and CE
phases and as the disorder increases, the correlation reduc
its value as expected. What is remarkable is that this effec
occurs clearly more rapidly in the CE region than in the
ferromagnetic phase. In fact, AtJ,r=0.07 the spin correla-
tions are nearly negligible in the CE regime, indicating the

disappearance of order at the largest distances here availab;\e:.

This is to be contrasted against the behavior of correlation
in the FM phase, which are far more robust.

The present results are in excellent agreement with the,

recent experimental studies of {gla;;, Mn O3 (Ln = rare-
earth by Akahoshiet al!* and Nakajimaet al'? In these

()

: % 4 %/4«"43

\ * %{A A o
*

é;\ s disordered 1
A O A

T
0.05

\ (o] -~
3 Q
W%d;%&ooo %
— —

0.15 0.25

J

0.10 0.20

FIG. 11. (a) Phase diagrari/t vs J,e/t for the clean limit, with

1. The closed circles and diamonds indicate the transition tem-
Berature at which the long-distance correlati(c&S}V> approxi-
mately vanishes upon heatirigee text This is indicative of the
mperature where long-range order develops. Dashed and dash-
dotted lines represent the lines of constétS;)=0.2 and 0.5,
respectively.(b) Phase diagranT/t vs Jag/t for the disorder pa-

experiments it was observed that the phase diagram has Bismetera J,-=0.07 and\ = 1. The new symbols, open-squares and

critical behavior[Fig. 11a] when the crystals are grown gpen-triangles, represent the transition temperatures to a glassy
slowly, minimizing by this procedure the influence of disor- state with short-range correlations but with no obvious long-range
der. However, upon rapid quenching of the growing proces$Mm and CE order, respectively. The CE state was found to be very
to introduce disorder explicitly, it was observed that while susceptible to disordefc) (S;S") vs Jar/t for AJae=0 (squarel

the FM phase reduces its critical temperature by a reasonablel,-=0.04 (triangleg, and AJ,r=0.07 (circles at low T. These
amount, the CE phase is much more affected, turning into eesults are the average of five different configurations for the bimo-
glassy state at low temperatures. This experimentally obdal distributiond;=Jae* AJae in the AF links.
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10%
(a) (b) F
10% [
_ 10}
; g 10° r FIG. 12. Temperature dependence of resistiv-
= *? ity under various magnetic fields for
2 F 107 (Ndy _ySm,) 12S1,,MnO; with y=0 (a) and 0.75
2 8 (b). The hatched area represents thermal hyster-
v -2 . 27
10 esis. Results from Tokuret al:
10°]
104 L 10

0RO OO TEOEO I M0 1G85 556 556 500
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served abnormal sensitivity of the CE phase to disorder— This phenomenology, with two CMR'’s, has recently been
here nicely reproduced in the Monte Carlo simulations—isdiscussed by one of the auth@i&D.) in Ref. 2, from where
expected to be an important ingredient for the understandingig. 13 is reproduced. In this figure, the “CMR1" effect
of the phenomenology of manganites. Disorder indeed playsorresponds to a direct field-induced transition from the AF
a key role in the phase-separated scenario for Mn oxXidesto the FM phases, upon the application of an external field.
and here its relevance is further confirmed. The simple viewn this case, quenched disordemist needed and the transi-
expressed in Fig. 1, with a symmetric behavior between th&ion occurs even in the clean limit. For CMR1 to occur, it is
two competing phases, is more complex in practice. sufficient to be located on the insulating side but close to the
The disorder sensitivity of the CE-phase may arise fronfirst-order transition. Under these circumstances a relatively
the fragility of the zigzag chainsAs argued before, the real- small field—which obviously favors the FM phase—renders
istic regime of couplings, withn of order 1, presents a ferromagnetism more favorable and an AF to FM first-order
charge-ordering pattern, which is far from the extreme limitjump is induced. On the other hand, Fig. 13 also shows the
3+/4+, rendering the staggered charge ordering less robustandard “CMR2” proccess, which is believed to originate in
than previously believed. In addition, the one-dimensionathe more complex percolative regime induced by a nanoscale
nature of the zigzag chains also contributes to this fragilityphase-separated state above the Curie temperatitee re-
Imperfections can easily destroy these nontrivial geometricahlization that there are two types of CMR’s substantially
arrangement of chains. Unfortunately, the limited size of theclarifies the magnetotransport phenomenology of Mn oxides.
clusters used here does not allow us to investigate in more To address explicitly the first type of MR transitiofie.,
detail the observed CE fragility. These important issuesCMR1), a clean-limit investigation should be sufficient. To
should be analyzed in more detail in future theoretical andstudy the resistance of a cluster vs temperature in the pres-
experimental investigations. It is interesting to remark thatence of magnetic fields, a setup similar to those often used in
similar conclusions have been recently reached using a on@ivestigations of mesoscopic systems will be employed
orbital model with cooperative phonoffsReaching inde- here?® This method was recently applied to a technically
pendently the same conclusion using different models, methsimilar problem of spin and carriers in interaction in the con-
ods, and lattice sizes provides confirmation of the fragility of
the charge-ordered state that competes with ferromagnetism.
This is an important issue that deserves further studies. A

short-range
CO/AF

CMR 2
VIIl. TWO TYPES OF CMR

, . CO/AF
Let us start the analysis of dc transport properties in the insulator

half-doped system studied here, aiming toward a better un-
derstanding of the CMR effect. In our opinion, these effects CMR 1
should actually be divided into two class€4) the CMR
effect that occurs at low temperatures and corresponds to g

very abrupt first-order transitions, arig) the more standard FIG. 13. Schematic representation of the generic phase diagram
CMR effect that appears in the regime immediately aboven the presence of competing FM metal and CO/AF insulator, and
the Curie temperature. Years ago, Tokura and collaboratofigr quenched disorder not sufficiently strong to destroy entirely the
already suggested these two types of CMR'&igure 12 first-order transition at low temperatures.is a generic variable
provides a direct experimental evidence of this phenomenomeeded to transfer the system from one phase to the other. CMR1
with a huge effect at low temperatures and a relativelyand CMR2 are the regions with two types of large MR transitions,
smaller effect neal ¢ie- as described in the texsee also Ref. )3

FM
metal
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FIG. 14. Geometrical setup used here for the calculation of the
resistance of a cluster. For more details see Refs. 28 and 29.

text of diluted magnetic semiconductdrsThe interacting 000 002 004 006 008 010 0412
cluster under investigation is assumed connected to “ideal
leads,” as shown in Fig. 14. The information about these
leads is included through exactly calculated self-energies
which are located at the cluster boundaries. The current cir-
culates after an infinitesimal voltage drop is included. The
technical aspects have been recently reviewed by \&tges
and they will not be repeated here. This technique appears to
be better than other methods often used in numerical simu-
lations, that rely on the analysis of the Drude weiBhtf the
optical conductivity with the cluster assumed in isolation. In
this case,D is often negative due to finite size effects. In ‘
addition, the associated zero-frequentyunction must be
given an arbitrary width to recover a finite resistivity. These T/ t
problems are avoided in the present formulation.

A typical result obtained with the setup of Fig. 14 is
shown in Fig. 15. To transform from resistance to resistivity,

T | T ¥ T Y T T %
0.00 0.02 0.04 0.06 0.08 0.10 0.12

FIG. 16. Clean-limit magnetoresistantas defined in textvs
temperature consideringH/t=0.025(a), anduH/t=0.05(b). The
same set of parameters and convention of symbols are followed as
in Fig. 15. Huge MR ratios are observed, as found in experiments.

a cross section of sizea& 1a (a=lattice spacingis as-
sumed. In the clean limit, and using as reference the phase
diagram of Fig. 2, it was observed that for a rangd of the
material behaves as an insulator since the CE phase domi-
nates, while for other couplings a metallic behavior is found
once in the FM regiméhere insulator and metal are defined
— simply based on the sign of the slope of the resistance vs
0.00 0.02 0.04 006 0.08 010 0.12 temperature curvgésThe technique used here neatly repro-
T/t duces the expected behavior of the resistivity vs temperature

\V
""
"'l
L
110100010000 00 BN ILUEONTIIPI0 010

2 3999999999903 33%
3 -cm)))))))))))))))n),!)_!!!!!!!!!!!!!!’.!’.’.!!!!!!!!!!!‘.’E ..........

for a metal and an insulator.

The most important result in this context occurs when
magnetic fields are introduced. In this case, the insulating
behavior found in the CE regime close to the FM phase,
more precisely atl,r=0.18, turnsmetallic in a first-order
transition upon the application of a field of value .05
(much smaller in magnitude than the natural units of the
problem, such at). Assumingt of the order of 1000 K, this
P is a field of about 50 T, larger but not by a huge amount with
000 002 004 006 008 040 0412 respect to those typically used in CMR experiments. By se-
T/t lecting J5r even closer to the first-order transition the value

of the field needed to induce metallic behavior can be easily

FIG. 15. Clean-limit investigation of the resistivity Shown is reduced. The assomated_ MR rat'o_s_def'ned as=\IR0) .
p Vs temperature, atJ,-=0, A=1, and Jur equal to 0.14 —P(H)1/p(H)>x100%, withH the field used—are shown in
(squarek 0.16 (circles, 0.18 (closed triangles and 0.2(open tri-  Fig. 16. For the coupling where the insulator-metal transition
angles. The first twoJ e cases correspond to the FM regime, and Was generated by the magnetic field, the MR ratio was found
the other two to the CE state. A first-order transition separates tht0 be as large as 1% at low temperatures, in excellent
metal from the insulator at low temperatures, with concomitantagreement with the values that can be deduced from the ex-
abrupt changes in the resistan¢a. corresponds to zero magnetic perimental data in Fig. 12. As explained before, this drastic
field wH/t=0 while (b) is at uH/t=0.05. Note in the latter that an effect is simply caused by a level crossing induced by the
insulating line in(a), turned metallic in(b), producing a huge MR. magnetic field, which favors the FM phase. Note thattke

7,
"""llll/////l//lllll/l//////, 2 N _Vll{{/{llllll;;;;;;;;g; N V V//\V
MRy
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IX. CHARGE-ORDERING IN ELECTRON-DOPED
MATERIALS

For completeness, here results at electronic dengitigs
different from 0.5 are also presented. However, the “half-
doped” character of the investigation remains. To be more
specific, the emphasis in this section is(@n = 1.5, namely,
in the regime oklectron dopingf undoped compounds such
as LaMnQ, opposite to the hole-doping regime ¢h)

-1
10 % oo obe  ofe oo  ow  oi =0.5 discussed in the rest of the paper. The experimental
T/t motivation for this effort relies on recent investigations that
10° . . . ‘ ‘ have reported results for ha8Ce; s;MNnO3, which is indeed an

electron-doped compound having LaMn@s the parent
material'® A ferromagnetic metallic phase has been reported
in this context with a Curie temperature250 K and a large
magnetoresistance, establishing clear similarities with the
well-known results for the hole-doped region of the phase
diagram.

These experiments suggest that there must be a relation
between electron and hole doping, which has not been dis-
cussed theoretically before to our knowledge. In particular, it

0.64 ‘ 0.|06 ‘ 0.|08 ‘ 0.;0 I
T/t is interesting to speculate what kind of states will be ob-
tained in the electron-doped regime once the doping is made
FIG. 17. Study of the resistivity in the presence of quenched as large as 50%i.e., (n)=1.5). In other words, here the

study will focus on the discussion of what kind of CO/OO
=0.025(b), using\ =1, AJ,r=0.04, andl,r equal to O(squarey state could be obtained in tledectron half-dopedegime of
0.04 (circles, 0.08 (closed trianglegs and 0.12(open triangles manganites, justifying the inclusion of the results described
Large MR effects are observed, even involving only insulatingbelow in the present paper, which is devoted to half-doped
phases. manganites in general.

The main conclusion of the analysis of #® = 1.5 phase
diagram using Monte Carlo simulations is that in the large

coupling used is not abnormally close to the original transi-Hund coupling limit, there is a mapping betweg) bigger
tion, namely, there is no need to carefully fix parameters t&nd smaller than one(with (n)=1 corresponding to
see this effect. The present calculation clearly shows thadt@MnOs). In fact, in thed,=ce limit studied here the phase
huge MR effects can be obtained in theoretical calculationsdiagrams in the plang-J,e areidentical (within numerical

even in small clusters and without the need of tuning coudccuracy with regards to the location of the phase bound-

; aries. However, the characteristics of each phase cannot be
plings. S : . e

Regarding the theoretical understanding of the more starf® Same in view of the different electronic densities. As

particular case, our effort predicts that the analog of the well-

known CE phase of half hole-doped manganites is the state
) e . . Shown schematically in Fig. 18. In this state, there is a sepa-
using simplified models and _re5|stor _networks in order to_ration of charge into a “3 /2+" like configuration, to be
capture the complex percolative physics expected to domizg i asteq with the standardt34+ state at(n)=0.5. The
nate in real compounds These subtle effects cannot be zigzag chains of the standard CE state are still present, and
studied in the small clusters currently accessible to nearlyzyen the orbitals in the middle of the segments of the zigzag
exact Monte Carlo studies of realistic models, as those prespains are elongated along tkeandy axes. The main dif-
sented here. However, results in those small clusters wherence betweefn)=0.5 and 1.5 is the state at the vertices
quenched disorder is included, already provide hints of thef those chains, which is empty at density 0.5 but it contains
physics found in experiments and in simulations of toy mod+wo electrons at 1.5. An analog situation is found in the other
els. For example, in Fig. 13 it is shown that the disorder charge-ordered phases. It would be very interesting to con-
reduces the resistivity in the CE regime, and that this effect isirm experimentally whether this state is present in real half-
further magnified when magnetic fields are applied. Unfortu-electron-doped manganites. Note that our calculation does
nately, in spite of observing these reasonable effects, theot include the effect of Coulombic interactions, which may
shape of the resistivity curves still do not show the well-be more important in the electron-doping regime than in the
known metal-insulator transition at a finite temperature. Furhole-doping region. However, in other materials such as the
ther computational work will be needed to reproduce thecuprates, a strong similarity between electron and hole dop-
CMR2 effect using realistic Hamiltonians. Fortunately, theing has been found as well, suggesting that a similar situation
essence of the phenomenon appears to have been capturedigy occur in manganites. Completing the phase diagram of
the calculations of Ref. 3. electron-doped manganites would help us in achieving a

disorder. Shown i vs temperature, fouH/t=0 (a), and uH/t
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of a very large MR effect when the insulating state is close in
energy to the FM state, as it occurs in the first-order transi-
tions systematically found in the clean limit. As a conse-
quence, without quenched disorder and working at low tem-
peratures, the insulating state can be destabilized by the FM
state with increasing fields. The magnitude of the field re-
quired can be very small in units of the hopping, and its
actual critical value depends on how close the CE state in-
vestigated is to the FM state in the phase diagtae, how
close the analyzed value Gf is to the critical value sepa-
rating the phasesThis MR effect isqualitatively different
from the more standard effect found above the Curie tem-
perature, which is believed to need disorder effects to be
understood:® As predicted by Tokura and collaborators
many years agothere are two types of CMRa low-
temperature form—investigated theoretically here—and a
higher temperature variety with the standard profiles for re-
r%istivity vs temperature. In carrying out these investigations,
we have introduced techniques borrowed from mesoscopic
physics, within the context of the Landauer formalism.

The study of electron-doped systems has also been initi-
ated in the investigations reported in this paper, focusing on

deeper understanding of these materials. The concrete pr[%e half-doped limit. Charge-ordered states analogous to
diction of our efforts is that there should be an approximatdn©Se observed at half-hole-doping were identified. A formal
particle-hole symmetry with respect to the undoped LaMnO particle-hole symmetry appears to exist in the system with

compound, in a similar spirit as it occurs in the cuprdfes. '€SPect to the undoped LaMgQimit, at least for a large
Hund coupling. More theoretical work in this area should be

pursued, since experiments are starting to investigate
electron-doped manganites.

The investigations reported in this paper have unveiled It is clear that the study of models for manganites using
several unexpected properties of half-doped manganites. Fgbiased techniques provides a plethora of interesting re-
example, the CE phase was found to be more sensitive thaylts. In .the field of manganites the cross_ft_artlllzatlon theqry
expected to the addition of quenched disorder. The effort irPf €xperiments has been remarkably positive, and surprises
this context included the calculation of the clean-limit phaseWill likely be found in the near future. Investigations of man-
diagram in theT-J, plane, to understand the competition gamtes and other related oxides should. continue at its present
between the FM and CE states believed by most mangani{é‘p'd rate, to _enhance our understanding of correlated elec-
experts to be at the heart of the CMR phenomenon. In agred[On systems in general.
ment with previous calculatiorfss a low-temperature first-
order transition between the two phases was found, with a ACKNOWLEDGMENTS
shape similar to those reported experimentayding dis-
order, the predicteddepletion of critical temperatures was
observed, but contrary to those expectations the reductio
was not symmetrical in magnitude for the two competing
phases. In fact, it was observed that the CE state rapidl
transforms into a “CE glass” with disorder, while the ferro-
magnetic phase is comparatively less affected, in nice agre
ment with recent experiments where disorder is introduce
“by hand” upon a clean-limit bicritical-shaped phase
diagram**'?2 The zigzag chains of the CE state and its very
subtle arrangement of spins, charge, and orbitals seems eas- APPENDIX: SIMULATIONS IN THE CANONICAL
ily broken by imperfections, contrary to the more robust uni- ENSEMBLE
for?hZMrZ;aetﬁt. results revealed other properties of manganite In most of our simulations, we have kept the number of
states tFr)lat also deserve further invesFt)igfgtions. Amonggthe articles fi>§ed in olur syster(;ls basiczarL]I!y at iaCh MoEte Carlo
interesting properties are the existencepbhsessuch as a sé(levpeaﬁ(ra S;alfqeﬂ\;;:osns' In order to achieve that, we have to
FM/CO state, and a discussion on charge disproportionation '
that suggests that the widely held view of charge-ordering as N 2N
containing 3+ and 4+ ions needs considerable revision. n—> —

A second important result presented here is the existence =151 L+exd (Bg—w)/T]

FIG. 18. Orbital, spin, and charge arrangement for the electro
overdoped (n)=1.5) CE/CO/OO phase. Thex3-r? and 32
—r? orbitals represent the Mh ions. The superposition of the’
—y? plus 32%—r? orbitals (closed circles represents the Mr
ions.

X. CONCLUSIONS

H.A. was supported by the NHMFL. A.M. and E.D. were
upported by the NSF Grant No. DMR-0122523. Additional
unds have been provided by Marte@RSU). We acknowl-
dge the help of G. Alvarez and J. Verges in the study of the
esistance of clusters reported here and useful conversations
vith T. Hotta and L. Brey. The School of Computational
cience and Information Technologg€SIT) at FSU is also

acknowledged.

N
Cy,iCk,i

0

104405-12



THEORETICAL STUDY OF HALF-DOPED MODELS F@& .. .. PHYSICAL REVIEW B 68, 104405 (2003

for the chemical potentiaj; wheren is the desired number We have solved this equation using the Newton-Raphson
of electrons in the systenN is the number of sites of the method}® starting with an initial seeduo="1/2(Exy-
cluster,c, ; andc,; are the fermionic operators after diago- * Ean-1+1), With [=int(xN), and the filingx given by x

s b . =n/N. The symbol inf) means the nearest integer of a real
nalizing the Hamiltonian matrixEq. (1], and B, are the =, 0, Fixing an absolute error forof 10™°, the chemical

electronic energy levels. These energies are ordered in thgyential , is typically found in four to five iterations. At
way: E;y<E(=<E;, with k running between 1 andN\e. The  gyfficiently low temperaturesgT/t<0.01, for example, the
first sum symbol runs over sites, while the second runs ovegonvergence of this method can fail. In this case we use the
energy levels (Bl in our case, since we have two orbitals auxiliary bisection method where typically 20-30 steps

per site. are needed for the same accuracy.
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