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Double-exchange model with background superexchange interactions:
Phase diagrams of La12xAxMnO3 manganites
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The phase diagram of the double exchange model for manganites with ferromagnetic Hund coupling and
antiferromagnetic superexchange coupling betweent2g electrons is investigated by using Monte Carlo methods
in low dimensions. Extensive calculations are performed for the one- and two-dimensional lattice model where
the localized spins oft2g electrons are treated as classical spins. While the results for the model with no
antiferromagnetic superexchange interaction are in good agreement with the recent work by Dagotto and
co-workers, the regions of phase separations are found to occur both at large and low electron densities in the
phase diagram with background superexchange couplings. In addition, it is noted that the ground state is
changed from ferromagnetic to antiferromagnetic state for the larger antiferromagnetic superexchange interac-
tion at quarter filling.@S0163-1829~98!08541-5#
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The doped manganite compoundsR12xAxMnO3 ~where
R5La, Pr; A5Sr, Ca, Ba)1 have been a focus of recen
studies due to the potential applicability of the very lar
negative magnetoresistance. While the parent compo
LaMnO3, is substantially distorted from the cubic perovsk
structure due to the strong Jahn-Teller interaction,2,3 the
ground state isA-type antiferromagnetic~AF!, which is at-
tributed to the cooperative interactions of orbital orderi
and superexchange interactions.4 Although small in its mag-
nitude, the superexchange interactions among localizedt2g
electrons of Mn ions seem to play a crucial role in the A
ordering of LaMnO3. Doped with divalent cations such a
alkaline-earth elements Ca, Sr, and Ba, La12xAxMnO3 be-
comes ferromagnetic~FM! metal for the doping range o
0.2&x&0.5.5 For a small hole doping range ofx&0.2, neu-
tron scattering2,6 and NMR ~Ref. 7! experiments reveal co
existing AF and FM diffraction peaks, which is interprete
as an appearance of the weak ferromagnetism of a ca
phase. For a stable canted AF phase a theoretical mode
suggested by de Gennes based on a molecular field app
mation of double exchange~DE! Hamiltonian with a contri-
bution from the superexchange interaction.8

Recently Dagotto and co-workers9 obtained a phase dia
gram of the FM Kondo lattice model in one, two, and̀
dimensions based on the results of numerical calculation
assuming the localizedt2g electron spins to be classical an
neglecting the degeneracy ofeg orbitals. From their results
particularly surprising was an observation of the presenc
the phase separation~PS! between hole-poor AF and hole
rich FM regions as well as a short-range incommensu
~IC! correlations in the weak Hund coupling. Recent theor
ical studies,10 however, suggested a possible instability o
canted phase over the PS with some interaction parame
Indeed, such a PS has been suggested to occur in the str
correlated systems such as high-Tc superconductors.11

Although the AF superexchange interaction, i.e.,JAF ,
was suggested to be one of the key factors in describing
PRB 580163-1829/98/58~17!/11123~4!/$15.00
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magnetic properties in manganites,13 its role has not been
seriously considered yet. In fact, while a typical value for t
Hund coupling isJH&1 eV, theJAF is estimated4,12,13to be
in order of JAF&0.01 eV. Although JAF is order-of-
magnitude smaller than the hopping integralt;0.1 eV, if
we consider the polaronic band narrowing effects at low te
perature, the role ofJAF can be relatively significant. There
fore, a detailed investigation of the magnetic correlatio
with respect toJAF is necessary for the understanding of t
physical properties of doped manganites.

In this report, we present results of our extensive study
the phase diagram of the DE model for La12xAxMnO3 with
JAF by using Monte Carlo techniques. A phase diagram
the change of theJAF with a large Hund coupling at low
temperature is investigated and the various results on
correlations are presented. In the phase diagram withJAF ,
regions of the PS’s are found to occur at both large and sm
doping limits. In addition, it is found that the ground state
changed from the FM to the AF state for a largerJAF at
quarter filling.

In order to study the phase diagram of the DE model w
JAF , we start with a single band Hamiltonian with the F
Hund coupling and the AF superexchange interaction,
JAF ,

H52 (
^ i j &,s

L

~ t i j cis
1 cj s1H.c.!2JH(

i ,ab

L

SW i•sW abcia
1cib

1JAF(̂
i j &

L

SW i•SW j , ~1!

where sW ab is the Pauli matrix for the conduction electro
spins andSW i represents the localized spin oft2g electrons.
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The operatorcis (cis
1 ) annihilates~creates! a conduction

electron with spins at the sitei . The first term represents a
effective hopping integral ofeg conduction electrons be
tween the nearest-neighbor Mn sites.JH.0 is a FM Hund
coupling ofeg conduction electrons to the local spins oft2g
electrons.L is the system size.

To perform Monte Carlo simulations of the model Ham
tonian given in Eq.~1!, we treat the localized spinSW i as a
classical spin SW i5uSW i u(sinui cosfix̂1sinui sinfiŷ1cosuiẑ)
with uSW i u53/2. Then, for a fixed configuration of spin angl
$u i ,f i%, this Hamiltonian represents nothing but a system
noninteracting electrons moving in an external field of ba
ground spin configurations. By performing the diagonaliz
tion of the (2L32L) Hermitian matrix for each given spin
configuration$u i ,f i%, we obtain the 2L eigenvalues denote
by ea , i.e.,ea5ea(u i ,f i). Thus the resulting partition func
tion becomes

Z5)
i

L S E
0

p

du i sinu iE
0

2p

df iD )
a51

2L

~11e2b~ea2m!!.

~2!

Now, we apply a Monte Carlo integration procedure for t
summation over the configuration angles$u i ,f i% of localized
spins. The summation of the partition function was p
formed by using a standard Metropolis algorithm. Most
the results of calculations presented in this paper are don
the one-dimensional~1D! chain of the system sizeL524 and
32 with periodic boundary conditions~PBC! in spatial direc-
tions. In actual Monte Carlo simulations, typically 63104

initial sequences of configurations are discarded for the t
malization processes before the Monte Carlo data collect
are made. We actually take 1.23105;106 samples for each
measurement depending on the numerical accuracies.

To obtain the phase diagram of the 1D DE model Ham
tonian with JAF , we performed calculations in the larg
Hund coupling limit ofJH /t for the DE model at different
temperatures and lattice sizes. The measurements for
evolution of FM, AF, and IC phase were obtained by calc
lating the spin-spin correlation functions between the cla

FIG. 1. Phase diagram of the DE model with a fixed value
JH58t as a function of the superexchange interactionJAF and hole
dopingx. The notation AF, PS, FM, IC denotes regions with an
ferromagnetism, phase separation, ferromagnetism, and incom
surate regions, respectively.
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cally treated spins oft2g electrons in the low-temperatur
limit, e.g., T5t/80, as given by the spin structure fact
S(q),

S~q!5~1/L !(
l,m

ei ~ l2m!•q^SW l•SW m&, ~3!

whereL is the system size. ForJAF50, the strong FM cor-
relations dominate in the overdoped region ofx*0.25 for
largeJH . This FM correlation is induced by the motion ofeg
conduction electrons via the strong Hund couplingJH . In
fact, our extensive calculations for the case ofJAF50 pro-
duced the phase diagrams, spin correlations, and the P
good agreement with the recent work by Dagotto a
co-workers.9

By examining the spin correlation functions, we prob
the phase boundaries of the model Hamiltonian with a fix
value ofJH58t but with various coupling constantsJAF and
the electron densitieŝn&, i.e., the hole doping levelx. In
Fig. 1, we present a phase diagram of the DE model wit
fixed value ofJH58t as a function ofJAF and hole doping
x. The JAF50 limit gives a sequence of AF, PS, and F
phases asx increases. However, asJAF was turned on, a
much more complicated phase structure has develo
Overall, four distinct phase boundaries of AF-PS, PS-IC
FM, and IC-AF are identified as determined by calculati
the spin-spin correlations at the low temperature.

f

en-

FIG. 2. Them dependence of̂n& at JH58t and T5t/80 for
various values ofJAF ranging fromJAF50.0 toJAF50.15t. In the
inset, a typical result of the 2D model calculations of (636) lattice
for JAF50.05t andJAF50 is shown.

FIG. 3. Momentum dependence ofS(q) at JAF50.1t for vari-
ous values of hole dopings.
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The PS regions were determined by calculating them
dependence of thên&. In Fig. 2, we present them depen-
dence of̂ n& atJH58t andT5t/80 for various values ofJAF
ranging from JAF50 to JAF50.15t. Although the n(m)
curves in Fig. 2 are determined atT5t/80, the PS regions
nearx'0 andx'1 can be clearly identified from the dis
continuities of density as a function of chemical potentialm.
Further, when we checked the limit ofT→0, we confirmed
that both knees ofn(m) curves close ton50 andn51 be-
came sharp and discontinuous,14 leading to the PS region
illustrated in Fig. 1. This is a clear difference from the resu
of JAF50. Especially the development of the PS region
the low electron-density limit, i.e.,x'1, for the nonzeroJAF
is quite remarkable in comparison with the phase diagra9

with JAF50. In addition, as shown in the inset of Fig. 2, th
same PS’s are observed in the Monte Carlo calculations
the 2D lattice system of (636) lattice with various values o
JAF . Thus, we conclude that there is numerical evidence
PS’s both in the carrier-rich and carrier-depleted region
the DE model with finiteJAF .

The tendency to develop a spin pattern with IC and k
structure can be easily studied by observing the behavio
S(q) as densities are varied at a particular coupling. In F
3, we present the momentum dependence ofS(q) at JAF
50.1t for various values of densities. A large AF peak r
mains even at the low electron density^n&50.14, i.e.,x
50.86. As the electron densitŷn& increases, strong FM
correlations develop as shown forx50.7. At the quarter fill-
ing, i.e.,x50.5, the peak position of theS(q) moves to near
q'0, i.e.,q52p/L due to a kink which separates two FM
regions with opposite spin. More details will be give
elsewhere.15 However, in the low hole density region ofx
&0.32, both the AF and IC peaks inS(q) coexist. In fact, the
region at x50.32 is close to the phase separation reg
between the hole-poor AF phase and the hole-rich IC ph
While the IC phase for the smallJH with JAF50 was pre-
dicted by Dagotto and co-workers,9 it is remarkable to ob-
serve a similar IC phase derived byJAF .

The strong IC spin correlations are more pronounced
the larger AF interaction. Figure 4 illustratesS(q) with
JAF50.15t andT5t/80 for the hole doping ranging fromx
50.17 to 0.63. Similar to the case withJAF50.1t, the AF
correlation of the model system withJAF50.15t remains
stable even up tox50.17. Interestingly, the double-perio

FIG. 4. Momentum dependence ofS(q) with JAF50.15t and
T5t/80 for the hole doping ranging fromx50.17 to 0.63.
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AF correlation, i.e.,q5p/2, is found to be strong for the
range of 0.45&x&0.55 near the quarter filling. It means th
the JAF plays an important role in stabilizing the doubl
period AF ordering at the quarter filling. Besides the dou
period AF phase, the same IC spin correlations are cle
observed for the same range as inJAF50.1t. The peak of
S(q) at q5p/2 grows as temperature lowers, which ind
cates a possible long-range AF ordering at the quarter fil
for JAF*0.15t.

To determine the phase boundaries forJAFÞ0 shown in
Fig. 1, we plotted in Fig. 5 the peak intensitiesS(q* ) at
q* 50, p, andqIC as a function of dopingx for the various
values ofJAF . Shown in Fig. 5 are the results obtained f
JAF /t50.05, 0.1, and 0.15. Here,qIC5^n&p is theq vector
corresponding to the peak position ofS(q). It is clearly
shown that the AF correlations are strongly enhanced in b
limits of x50 and x51 as theJAF is introduced. On the
contrary, the FM correlations are suppressed by the pres
of JAF . Further, forJAF*0.15t, all the FM correlations dis-
appear for the whole rangex. Instead the IC spin correlation
become dominant forJAF*0.1t.

In summary, we presented the results of our studies on
phase diagram of the DE model for manganites with F
Hund couplings and AF superexchange interactions by
Monte Carlo simulations. Through the analysis of the resu
obtained in the low-temperature limit, we determined t
phase diagrams as a function of hole doping andJAF for the
large Hund coupling limit. ForJAF smaller than'0.1t, the
ground state remains to be FM for the hole-density range
0.3&x&0.7, and becomes AF for the half-filled region ne
x'0 and the low hole density limit, i.e.,x'1. At densities
near x'0 and x'1 with JAFÞ0, the systems are phas
separated which may be relevant to recent experime
observations.5

In conclusion, it is emphasized that the ground-state pr
erties of the DE is very sensitive to the presence of theJAF .
Thus, in understanding of the ground state and dynam
properties of the doped manganites, one should include s
superexchange interactions properly in the model for
doped manganites. After completion of this work, we b
came aware of the work by Yunoki and Moreo,16 in which

FIG. 5. Peak intensitiesS(q* ) atq* 50, p andqIC as a function
of dopingx for the various values ofJAF /t50.05, 0.1, and 0.15.



iv

W
th

nis-
he
er-
nd

11 126 PRB 58BRIEF REPORTS
they dealt with similar issues. Both results are in qualitat
agreement on the phase diagram withJAFÞ0.
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~1993!; U. Löw, V. J. Emery, K. Fabricius, and S. A. Kivelson
Phys. Rev. Lett.72, 1918~1994!; S. Haas, E. Dagotto, A. Naza
renko, and J. Riera, Phys. Rev. B51, 5989~1995!.

12T. G. Perring, G. Aeppli, Y. Moritomo, and Y. Tokura, Phy
Rev. Lett.78, 3197~1997!.

13P. Horsch, J. Jaklic, and F. Mack, cond-mat/9708007~unpub-
lished!.

14We thank Dr. S. Yunoki for his comment on the possible te
perature dependence ofn(m).

15H. Yi and J. Yu~unpublished!.
16S. Yunoki and A. Moreo, Phys. Rev. B58, 6403~1998!.


