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Double-exchange model with background superexchange interactions:
Phase diagrams of La_,A,MnO ; manganites
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The phase diagram of the double exchange model for manganites with ferromagnetic Hund coupling and
antiferromagnetic superexchange coupling betwiggelectrons 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 of,y 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[S0163-182608)08541-3

The doped manganite compounBs_,A,MnO; (where  magnetic properties in manganit€sits role has not been
R=La, Pr; A=Sr, Ca, Baj have been a focus of recent seriously considered yet. In fact, while a typical value for the
studies due to the potential applicability of the very largeHund coupling isly=<1 eV, thed, is estimate®*23to0 be
negative magnetoresistance. While the parent compoungh order of J,c<0.01 eV. Although Juc is order-of-
LaMnQ;, is substantially distorted from the cubic perovskite magnitude smaller than the hopping integral0.1 eV, if
structure due to the strgng Jahn-Teller |nter:§(:rlf|§nhe we consider the polaronic band narrowing effects at low tem-
9T°“”d state isi-type anti err_omagn_etmﬁAF), which is at- perature, the role aJ,r can be relatively significant. There-
tributed to the cooperative interactions of orbital orderlngfore a detailed investigation of the magnetic correlations
and superexchange interactidhalthough small in its mag- o . .

: : : ) with respect tal,r is necessary for the understanding of the
nitude, the superexchange interactions among localized . : .
thy5|cal properties of doped manganites.

electrons of Mn ions seem to play a crucial role in the A : .
In this report, we present results of our extensive study on

ordering of LaMnQ@. Doped with divalent cations such as he oh di f th del f ith
alkaline-earth elements Ca, Sr, and Ba, L@\ MnO; be- N phase diagram of the DE model foryLaAMnO; wit

comes ferromagneti¢FM) metal for the doping range of Jar by using Monte Carlo techniques. A phase diagram for

0.2<x=0.55 For a small hole doping range &f0.2, neu- the change of the,¢ with a large Hund coupling at low

tron scattering® and NMR (Ref. 7) experiments reveal co- temperature is investigated and the various results on spin

existing AF and FM diffraction peaks, which is interpreted correlations are presented. In the phase diagram Jyh

as an appearance of the weak ferromagnetism of a cantéggions of the PS’s are found to occur at both large and small

phase. For a stable canted AF phase a theoretical model wdeping limits. In addition, it is found that the ground state is

suggested by de Gennes based on a molecular field approxihanged from the FM to the AF state for a largh at

mation of double exchang®E) Hamiltonian with a contri-  quarter filling.

bution from the superexchange interactfon. In order to study the phase diagram of the DE model with
Recently Dagotto and co-workérebtained a phase dia- J,-, we start with a single band Hamiltonian with the FM

gram of the FM Kondo lattice model in one, two, amd  Hund coupling and the AF superexchange interaction, i.e.,

dimensions based on the results of numerical calculations by,

assuming the localizet}, electron spins to be classical and

neglecting the degeneracy ef orbitals. From their results,

particularly surprising was an observation of the presence of L L

the phase separatidi®S between hole-poor AF and hole- H=— > (tiCciicjotH.C)—In> S+ TanCinCin

rich FM regions as well as a short-range incommensurate (ii)o i.ab

(IC) correlations in the weak Hund coupling. Recent theoret- L

ical studies® however, sugge;ted a p0_55|ble mstablllty of a +JAFE S-S, )
canted phase over the PS with some interaction parameters. I

Indeed, such a PS has been suggested to occur in the strongly
correlated systems such as hi§hsuperconductors: - ) ) )

Although the AF superexchange interaction, i@, where g, is the Pauli matrix for the conduction electron
was suggested to be one of the key factors in describing thgpins andé represents the localized spin tf; electrons.
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X FIG. 2. Theu dependence ofn) at Jy=8t and T=t/80 for

various values ofl ¢ ranging fromJ,-=0.0 toJ,=0.1%. In the
FIG. 1. Phase diagram of the DE model with a fixed value of: Ar [4NgINg AP AP

. - inset, a typical result of the 2D model calculations of(6) lattice
J =8t as a function of the superexchange interactigp and hole P )

for J,g=0.08% andJ,r=0 is shown.
dopingx. The notation AF, PS, FM, IC denotes regions with anti- AF AF

ferromagnetism, phase separation, ferromagnetism, and incommen- IV treated Spi f lect in the low-t t
surate regions, respectively. Cally treated spins oOty4 €lectrons In the low-temperature

limit, e.g., T=t/80, as given by the spin structure factor

The operatorc;, (cf;) annihilates(createy a conduction S(a).

electron with spiro- at the site. The first term represents an

effective hopping integral ok, conduction electrons be- _ il-m-q/& &

tween the nearest-neighbor I\/?n sitdg.>0 is a FM Hund S(q)—(l/L)%; g™ S-S, @

coupling ofey conduction electrons to the local spinstgf

electronsL is the system size. wherel is the system size. Fal,=0, the strong FM cor-
To perform Monte Carlo simulations of the model Hamil- relations dominate in the overdoped regionxz£0.25 for

tonian given in Eq(1), we treat the localized spi§; as a largeJy . This FM correlation is induced by the motion&f

classical spinS =|S|(sin & cosgx+sin 6 singy+cosgz) ~ conduction electrons via the strong Hund couplifig. In

with |§i|=3/2. Then, for a fixed configuration of spin angles fact, our extensive calculations for the caselgg=0 pro-

{6;,6:}, this Hamiltonian represents nothing but a system 0fduced the phase diagrams, spin correlations, and the PS in

noninteracting electrons moving in an external field of back-ggf)vsorakgréemem with the recent work by Dagotto and

ground spin configurations. By performing the diagonaliza- By examining the spin correlation functions, we probed

ggzﬁmutrg?io(r?{_a* 2‘}) \';'vzr(r)nb'f{:g trﬂgtgxegogﬁ\?;ﬁeg;\:jeennzgg the phase boundaries of the model Hamiltonian with a fixed
9 SR 9 value ofJy =8t but with various coupling constanig and

gg:%étg-r;;og: €a(fi, ). Thus the resulting partition func- 0" 1o oo, densitiegn), i.e., the hole doping levet. In
Fig. 1, we present a phase diagram of the DE model with a

L . on 2L fixed value ofJ;=8t as a function ofl4r and hole doping
z=]] (f dgisingif d¢>i> IT (1+e Alea=m)y, X. The Jar=0 limit gives a sequence of AF, PS, and FM
i 0 0 a=1 phases ax increases. However, ak ¢ was turned on, a

2 much more complicated phase structure has developed.
Overall, four distinct phase boundaries of AF-PS, PS-IC or
FM, and IC-AF are identified as determined by calculating
the spin-spin correlations at the low temperature.

Now, we apply a Monte Carlo integration procedure for the
summation over the configuration ang{es, ¢;} of localized

spins. The summation of the partition function was per-
formed by using a standard Metropolis algorithm. Most of

the results of calculations presented in this paper are done for 0.40

the one-dimensiondlLD) chain of the system side=24 and 0-06 ¥=0.32 J,=0.11,T=t/80
32 with periodic boundary conditio®BC) in spatial direc- 0.30 | c-ox=050

tions. In actual Monte Carlo simulations, typicallyx@0* FED vt

initial sequences of configurations are discarded for the ther- T 0204 ‘ ;'

malization processes before the Monte Carlo data collections
are made. We actually take X20°~10° samples for each
measurement depending on the numerical accuracies.

To obtain the phase diagram of the 1D DE model Hamil- VG FRAS T
tonian with Jog, we performed calculations in the large 0'000_0 0:2 04 06 0:8 1.0
Hund coupling limit of J,; /t for the DE model at different q/(2)
temperatures and lattice sizes. The measurements for the
evolution of FM, AF, and IC phase were obtained by calcu- FIG. 3. Momentum dependence 8fq) at Jy=0.1t for vari-
lating the spin-spin correlation functions between the classieus values of hole dopings.
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FIG. 4. Momentum dependence 8{g) with J,-=0.1% and
T=1/80 for the hole doping ranging from=0.17 to 0.63.

The PS regions were determined by calculating the
dependence of thén). In Fig. 2, we present the. depen-
dence ofn) atJy =8t andT=1/80 for various values ofr
ranging fromJae=0 to J,=0.1%. Although then(uw)
curves in Fig. 2 are determined &t=t/80, the PS regions
nearx~0 andx~1 can be clearly identified from the dis-
continuities of density as a function of chemical potential
Further, when we checked the limit -0, we confirmed
that both knees of(u) curves close tm=0 andn=1 be-
came sharp and discontinuotfsleading to the PS region
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FIG. 5. Peak intensitieS(q*) atq* =0, = andq,¢ as a function
of dopingx for the various values a¥,-/t=0.05, 0.1, and 0.15.

AF correlation, i.e.,q= /2, is found to be strong for the
range of 0.45x=<0.55 near the quarter filling. It means that
the Jag plays an important role in stabilizing the double-
period AF ordering at the quarter filling. Besides the double
period AF phase, the same IC spin correlations are clearly
observed for the same range asJix=0.1t. The peak of
S(q) at q=/2 grows as temperature lowers, which indi-
cates a possible long-range AF ordering at the quarter filling

illustrated in Fig. 1. This is a clear difference from the resultsfor Jar=0.13.

of Jop=0. Especially the development of the PS region in

the low electron-density limit, i.ex~1, for the nonzerd ¢

To determine the phase boundaries Jge#0 shown in
Fig. 1, we plotted in Fig. 5 the peak intensiti&q*) at

is quite remarkable in comparison with the phase diagramg* =0, , andq,c as a function of doping for the various

with J,=0. In addition, as shown in the inset of Fig. 2, the

values ofJ,r. Shown in Fig. 5 are the results obtained for

same PS’s are observed in the Monte Carlo calculations fa¥,g/t=0.05, 0.1, and 0.15. Herg,c=({n) is theq vector

the 2D lattice system of (8 6) lattice with various values of

corresponding to the peak position 8{q). It is clearly

Jar. Thus, we conclude that there is numerical evidence okhown that the AF correlations are strongly enhanced in both
PS’s both in the carrier-rich and carrier-depleted region inimits of x=0 andx=1 as theJ,r is introduced. On the

the DE model with finiteJg .

contrary, the FM correlations are suppressed by the presence

The tendency to develop a spin pattern with IC and kinkof 3, . Further, forJ,c=0.1%, all the FM correlations dis-

structure can be easily studied by observing the behavior Ooﬁppear for the whole range Instead the IC spin correlations
S(q) as densities are varied at a particular coupling. In Figyacome dominant fod \p=0.1t.

3, we present the momentum dependences@f) at Jag
=0.1t for various values of densities. A large AF peak re-
mains even at the low electron density)=0.14, i.e.,x
=0.86. As the electron densityn) increases, strong FM
correlations develop as shown fo=0.7. At the quarter fill-
ing, i.e.,x=0.5, the peak position of th®(q) moves to near
g~0, i.e.,g=2#/L due to a kink which separates two FM
regions with opposite spin. More details will be given
elsewherd?® However, in the low hole density region af
=0.32, both the AF and IC peaks ${q) coexist. In fact, the

In summary, we presented the results of our studies on the
phase diagram of the DE model for manganites with FM
Hund couplings and AF superexchange interactions by the
Monte Carlo simulations. Through the analysis of the results
obtained in the low-temperature limit, we determined the
phase diagrams as a function of hole doping agg for the
large Hund coupling limit. Fod,r smaller than~0.1t, the
ground state remains to be FM for the hole-density range of
0.3=x=<0.7, and becomes AF for the half-filled region near

region atx=0.32 is close to the phase separation region*~0 and the low hole density limit, i.ex~1. At densities
between the hole-poor AF phase and the hole-rich IC phas&ear x~0 and x~1 with Joe#0, the systems are phase

While the IC phase for the small; with J,e=0 was pre-
dicted by Dagotto and co-worketst is remarkable to ob-
serve a similar IC phase derived By .

separated which may be relevant to recent experimental
observations.
In conclusion, it is emphasized that the ground-state prop-

The strong IC spin correlations are more pronounced byerties of the DE is very sensitive to the presence ofltke.

the larger AF interaction. Figure 4 illustrate3{q) with
Jar=0.1% and T=1t/80 for the hole doping ranging from
=0.17 to 0.63. Similar to the case with,r=0.1t, the AF
correlation of the model system with,c=0.1% remains
stable even up tx=0.17. Interestingly, the double-period

Thus, in understanding of the ground state and dynamical
properties of the doped manganites, one should include such
superexchange interactions properly in the model for the
doped manganites. After completion of this work, we be-
came aware of the work by Yunoki and Mor¥bin which
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they dealt with similar issues. Both results are in qualitativeand by the Basic Science Research Institute program, Minis-
agreement on the phase diagram wigh # 0. try of Education, 1997, Project No. 97-2415. A part of the
Wpresent calculations was performed on the JRCAT Super-
We are grateful to Professor S. I. Lee and Professor T. Weomputer System, which is supported by New Energy and
Noh for helpful discussions. This work was supported by theindustrial Technology Development OrganizatiddEDO)
Korea Science Engineering Foundati¢®b5-0702-03-01-8  of Japan.
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