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Phase Separation in Electronic Models for Manganites
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The Kondo lattice Hamiltonian with ferromagnetic Hund’s coupling as a model for manganites
is investigated. The classical limit for the spin of the (localizeg) electrons is analyzed on
lattices of dimension 1, 2, 3, and using several numerical methods. The phase diagram at low
temperature is presented. A regime is identified where phase separation occurs between hole undoped
antiferromagnetic and hole-rich ferromagnetic regions. Experimental consequences of this novel regime
are discussed. Regions of incommensurate spin correlations have also been found. Estimations of the
critical temperature in 3D are compatible with experiments. [S0031-9007(97)05072-2]

PACS numbers: 75.10.—b, 75.30.Mb, 75.30.Kz

The phenomenon of colossal magnetoresistance iwherec;, are destruction operators for one specieg of
metallic oxides such as La,Sr,MnO; has recently fermions at sitei with spin o, andS; is the total spin
attracted considerable attention [1] due to its potentiabf the 7,, electrons, assumed localized. The first term
technological applications. A variety of experimentsis the e, electron transfer between nearest-neighbor Mn
have revealed that oxide manganites have a rich phasens,J/y > 0 is the Hund coupling, the number of sites is
diagram [2] with regions of antiferromagnetic (AF) and L, and the rest of the notation is standard. The density
ferromagnetic (FM) order, as well as charge orderingjs adjusted using a chemical potentjal In this paper
and a peculiar insulating state above the FM critical temthe spinS; will be considered classical (wits;| = 1),
perature,T™. Recently,layered manganite compounds unless otherwise stated. Although models beyond Eq. (1)
La;,SrgsMn,O; have also been synthesized [3] with may be needed to fully understand the manganites, it is
properties similar to those of their 3D counterparts. important to study the properties of simple Hamiltonians

The appearance of ferromagnetism at low temperatures clarify if part of the experimental rich phase diagram
can be explained using the double exchange (DE) mecha&an be accounted for using purely electronic models.
nism [4,5]. However, the DE model is incomplete to de- To study Eq. (1) in the,, spin classical limit a Monte
scribe the entire phase diagram observed experimentallzarlo (MC) technique was used: first, the trace over
For instance, the electron-phonon coupling may be cruthe ¢, fermions in the partition function was carried
cial to account for the insulating properties ab@y&! [6].  out exactly diagonalizing the&L x 2L Hamiltonian of
The presence of a Berry phase in the large Hund couplinglectrons in the background of the sp{Ss}, using library
limit also challenges predictions from the DE model [7]. Insubroutines. The fermionic trace is a positive function of
this paper we remark that another phenomenon occurrinthe classical spins, and the resulting integration over the
in manganites which is not included in the DE descriptiontwo angles per site parametrizing tBe variables can be
namely, the charge ordering effect, may be contained in performed with a standard MC algorithm without “sign
more fundamental Kondo model where the (localized)  problems.” In addition, part of the calculations were also
electrons are ferromagnetically (Hund) coupled with theperformed with the dynamical mean-field approximation
e, (mobile) electrons. More precisely, here we report thg(D = «) [12], the density-matrix renormalization group
presence ophase separatiofPS) between hole undoped (DMRG), and the Lanczos method. Special care must be
antiferromagnetic and hole-rich ferromagnetic regions intaken with the boundary conditions (BC) [13,14].
the low temperature phase diagram of the FM Kondo Our results are summarized in the phase diagrams of
model. Upon the inclusion of long-range Coulombic re-Fig. 1. In both 1D and 2D and at low temperatures clear
pulsion, charge ordering in the form of nontrivial extendedindications of (i) ferromagnetism, (ii) incommensurate
structures (such as stripes) could be stabilized, similarl§IC) correlations, and (iii) phase separation were iden-
as discussed for the cuprates [8—11] but now also includiified. For D = 1 and 2, finite size effects were small,
ing ferromagnetic domains. The analysis reported in thiglthough the PS-IC boundary in 2D was difficult to obtain
paper suggests that phenomena as rich as observed in thecurately. Results are also available in small 3D clusters
high-T. superconductors may exist in the manganites. and qualitatively they agree with those in Figs. 1(a) and

The FM Kondo Hamiltonian [4,12] is defined as 1(b). In 1D we also obtained results with quantusp

spinsS = 3/2. In this case the PS regime was studied

H = —¢ Z (c;ﬂ,cﬂ, + H.c) — Jy Z CL%BQB .s;, calculating the compressibility using DMRG, and the FM
G(ife iapB regime monitoring the ground state spin quantum number
(1) with a Lanczos procedure. A good agreement with results
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FIG. 1. Phase diagram of the FM Kondo model reported here. . . .

FM, IC, PM, and PS denote regimes with FM correlations,2Nd as the lattice size grows clearly points towards the ex-
incommensurate correlations, paramagnetic correlations, arigtence of ferromagnetism in the system [15]. Repeating
with phase separation between undoped AF and hole-rich F\this procedure for a variety of couplings and densities, the
regions, reSpeCthG'y. (a) was obtained with MC SlmU'atlonSrobust region of FM shown in F|g 1 was determined, in

at T = /75 using chains with. = 20, 30, and 40 sites. Full ot . : :
circles correspond to classical spins. The stars and dashed “nggahtanve agreement with previous studies [12,13].

are DMRG results obtained with, spinss = 3/2 on chains In_the_ small/z /¢ region IQ correlations were ob_served
with up to L = 16 sites keeping 48 states, and usi{tg3)Jy monitoring S(q) [16]. Both in 1D and 2D there is one
as coupling in the Hund term; (b) are MC results for classicaldominant peak which moves away from the AF location at
spins at7 = 1/50 using 4 X 4, 6 X 6, and 8 X 8 clusters. (5} = | towards zero momentum #s) decreases. In the

In the shaded region a PS-IC crossover was observed but t
actual boundary position is difficult to find; (c) corresponds to% clusters the peak moves frofw, ) towards (. 0)

results in theD — « limit at a fixed coupling/, /W — 40and and(0, 7), rather than along the main diagonal [17]. Note
as a function off" and(n) (W is defined in the text). The “PS that our computational study predicts IC correlations only
(AF-PM)” region denotes PS between undoped AF and holein the small and intermediatg; /¢ regime.
rich PM regions. The main result of the paper is contained in Fig. 3
where the computational evidence for the existence of
in the classical limit was obtained. PS f§r= 3/2 (and phase separation in dimensions 1, 2, ani given [18].
S = 1/2) is between hole undoped AF and hole-rich non-The presence of a discontinuity i) vs u shows that
fully saturated FM regions. In Fig. 1(c) resultsiin= o«  some electronic densities cannot be stabilized. If the
are shown avy /W = 4, whereW is the half-width of system is nominally prepared with such density it will
the e, density of stateD(e) = (2/7W)+/1 — (¢/W)>.  spontaneously separate into two regions with the densities
In agreement with the predictions for = 1 and 2, atlow corresponding to the extremes of the discontinuities of
temperatures PS between undoped AF and hole-rich FMig. 3. By analyzing these extremes the properties of
regions was observed. For) < 0.88 and7/W < 1the the two domains can be studied. One region is undoped
ground state becomes FM. The quantitative similaritief{n) = 1) with strong AF correlations, while the other
between the results obtained fbr= 1, 2, and« led us contains all the holes, and the spin-spin correlations
to believe that the conclusions of this paper are also validbetween the classical spins are FM [19]. [See the inset of
for 3D manganite systems. Fig. 3(a). The results are similar ih = 2 and infinite.]
The boundaries of the FM region of the phase dia-This is natural since holes optimize their kinetic energy in
gram were found evaluating the spin-spin correlationra FM background. On the other hand{at = 1 the DE
between the classical spins defined &g) = (1/L) X mechanism is not operative: If the electrons fully align
Dim e!Umras; - 8,). Figure 2 showsS(q) at zero their spins they cannot move in the conduction band due
momentum vsT /¢ for typical examples in 1D and 2D. to the Pauli principle. Then, energetically an AF pattern
The rapid increase of the spin correlationsTais reduced is formed (the same occurs f§r= 3/2 and1/2 localized

846



VOLUME 80, NUMBER 4 PHYSICAL REVIEW LETTERS 26 ANUARY 1998

1.0 o ‘ — @6 observed PS is between hole-undoped AF and hole-rich
‘ (a) ferromagnetigegimes. Tendencies to pairing in Cu oxides
oo | A are replaced by tendencies to form ferromagnetic ground
:jo states in Mn oxides [13].
A v ﬁ - <ii>=1.0 Although the phase diagrams of Fig. 1 have PS close to
V-V <n>=0.72 _— .
so8f f - 2 half-filling, actually this phenomenon also occurst ~
! 0 if an extra direct AF exchange interaction between
the localized spins is included. This coupling may be
0.7 + OO T=t/75 .. . . .
o} - originated in a small hopping amplitude for the,
o © 0 D=1 2;2;;3 electrons. Atn) = 0 model Eq. (1) supplemented by a
06 [ 00O , ®:L=40 Heisenberg coupling’/: among the localized spins will
-75 ~7.0 Wit -6.5 certainly produce an AF phase, as in experiments, which
10 R A—CL.0 ——————@000808 upon electron doping will induce a competition between
D=2 (b) D = oo ©) AF (with no ¢, electrons) and FM electron-rich regions,
T=1/50 T = 0.002W similarly as for(n) = 1 but replacing holes by electrons.
A O: L2 6 L 1 Previous studies in 1D support these claims [13]. Thus,
> 0.9 TA:L=8x8 ' PS or charge ordering could exist in manganites both at
&:L= 1000 large and small fermionic densities.
D I o 1 For completeness, upper bounds on the 3D critical tem-
A0 0.9 M - : ; , .
o® [ ] peraturel ;™ are also provided. Using MC simulations in
81 3 oo o* principle it is possible to calculatE™ accurately. How-
© ever, the algorithm used here prevented us from study-
65 9 65 T eq -sam T340 _a3s ing clusters larger thag® even at/y = «. In spite of
wit ww this limitation, monitoring the spin-spin correlations in

FIG. 3. Electronic densit¥n) vs chemical potentialw for real space allows us to judge at what temperailiréhe
(@D =1, (b)D = 2, and (C)D = = clusters. Temperatures Ccorrelation length reaches the boundary of tHeclus-
are indicated. The coupling if;/s = 8.0 in (a) and (b) and ter. Since the bulkr™ is smaller thanT™, this give
Ju/W = 4.0in (c). PBC were used bothip = 1 and 2. The us upper bounds for the critical temperature. Figure 4(a)

discontinuities shown in the figures are indicative of PS. Inshows the spin-spin correlations at several temperatures in
(a) the inset contains the spin-spin correlation in real space %

densities 1.0 and 0.72 showing that indeed PS occurs betwe he Ju = o limit and at(n) = 0.5. WhenT ~ 0.1z ro-
AF and FM regions. ust correlations reach the boundary, while foe 0.12¢

the correlation is short ranged. Thus, at this density we

spins). As/y grows, the jump in Fig. 3 is reduced and it estimate tha?™ < 0.12¢. Results for several densities
tends to disappear in thig; = o limit [20]. in this limit are shown in Fig. 4(b). For realistic den-

Experimentally, PS may be detectable using neutromities, such agn) ~ 0.7, our results are about a factor of
diffraction techniques if the two coexisting phases havel.7 smaller than predicted by high temperature expansions
different lattice parameters as in dGuQ,,s [21,22]. for § = 1/2 localized spins [25]. Nevertheless, the order
Note also that in the PS regin$#q) presents a two peak of magnitude of both calculations is similar. Monitoring
structure, one located at the AF position and the othethe rapid growth of the zero momentum spin correlations
at zero momentum. Since this also occurs in a cantefinset of Fig. 4(a)] provides similar boundsTt™ is the
ferromagnetic state, care must be taken in the analysis dfighest at(n) = 0.5, if Jg = . Since results for the
the experimental data. In particular, recent experimentat, electrons bandwidth range froBWw ~ 1 eV [26] to
results [23] are in qualitative agreement with Fig. 1(c)BW ~ 4 eV [27], producing a hopping = BW /12 be-
since a reentrant structural phase transition was observedeen(0.08 and0.33 eV, then our estimation for the criti-
accompanied by “canted ferromagnetism” bel6ji*, at  cal temperature ranges roughly betwe@i! ~ 100 and
0.10 < x < 0.17 in La;—,Sr,MnO; [24]. 400 K. This is within the experimental range, in agree-

Another alternative is that Coulombic forces and low Srment with other results [12,25], and in disagreement with
mobility prevent the macroscopic accumulation of chargeprevious estimations [6]. Then, purely electronic models
intrinsic of a PS regime. Thus, extended hole-rich domainsan account foTCFM.
in the form of stripes (as in cuprates [11]), or some other In summary, the main conclusion of the paper is that the
arrangement, could be formed. Although these detailphase separation occurs in realistic models for mangan-
certainly deserve further work, the results in this paper arées. Then, experimentalists should consider this potential
enough to show that tendencies similar to those found imegime in the interpretation of their results since tenden-
models for the 2D cuprates, notably thg model, may cies to phase separate could be as strong as those towards
also be operative in manganites. The main difference iferromagnetism in the real materials. It is hoped that the
that instead of separation between hole-poor AF and holgresent paper will trigger discussion on how phase separa-
rich superconducting regions, as in,CuQ,s, here the tion will experimentally reveal itself in manganites. The
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(b) Bounds on the critical temperature as estimated from data

as shown in (a) as a function ¢f).
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