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Abstract. To study the proposed phase separations in doped manganites, we performed Monte-Carlo
calculations for the ferromagnetic Kondo lattice model with strong Hund’s coupling between conduction
electrons and localized spins. For the practical calculations, we adopted a one dimensional lattice and
treated the spins of the localized 24 electrons semi-classically. A direct evidence of the phase separation is
observed from a snapshot of the spatial dependence of localized spins. No indication of the canted or spiral
phases is found in the results of simulations. Further, the calculated results of the spin structure factor in
the phase separation region are well compared with recent experiments.

PACS. 75.30.-m Intrinsic properties of magnetically ordered materials — 75.30.Et Exchange
and superexchange interactions — 71.10.-w Theories and models of many electron systems

The colossal magnetoresistance in doped perovskite lan-
thanum manganites such as La;_,(Sr,Ca),MnOg3 has at-
tracted great interest due to its possible technological
applications [1]. These materials reveal peculiar behav-
ior in the phase diagram where the antiferromagnetic
(AF) phase is associated with insulating properties and
the ferromagnetic (FM) phase with metallic properties
as well as charge ordering [2]. For a broad range of dop-
ing, 0.2 < z < 0.5, the correlation between FM moments
and metallic conductivity can be well understood in terms
of the double exchange mechanism [3,4]. However, for a
small hole doping range of 0 < x < 0.2, the nature of
the magnetic structure is still controversial. In particu-
lar, several neutron scattering [5,6] and NMR [7] experi-
ments revealed coexisting AF and FM diffraction peaks,
which had been interpreted as an appearance of the weak
homogeneous canted FM phase. Recently, however, there
are contradictory experimental results reported [8-11]. Es-
pecially, one NMR, observation [10] showed the evidence
of FM and AF micro-domains but not the canted phase.
This phase separation (PS) has been an important issue in
many strongly correlated systems. One of such examples
is in high-T, superconductors [12]. So far there is no theo-
retical report on the spin arrangements in the PS region,
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even though it is essential to understand the ground state
nature of small doped manganites.

A stable canted AF phase was predicted theoretically
by de Gennes [4] based on a molecular approximation of
a combined model of double exchange and AF superex-
change interactions. Another view, i.e., the existence of
the predicted PS was also reported theoretically by Na-
gaev [13] and Arovas et al. [14] in the context of the
Schwinger boson formalism. Kagan et al. [15] also raised a
question about the stability of the canted phase in a quan-
tum version of the double exchange model. The existence
of PS in the FM Kondo lattice model for the doped man-
ganite systems was first addressed by Yunoki and cowork-
ers [16]. In the following works by Yunoki and Moreo [17]
and by us [18], the antiferromagnetic superexchange inter-
actions between localized spins in the FM Kondo lattice
model were found to be crucial in understanding the phase
separation. In spite of such intensive research efforts, how-
ever, it is still desired to have a detailed comparison of
theoretical predictions with experimental observations on
the magnetic properties of lightly doped manganites.

In this paper, we report the results of our Monte-Carlo
studies on the phase separation region near x ~ 0 of
the FM Kondo lattice model for the lightly doped man-
ganites. In contrast to the previous approach [16-18], we
have attempted to identify the phase separation through
the density of state analysis while varying the chemical
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potentials and snapshots of the localized t24 spins. In or-
der to extract information on the real-space distribution
of the localized spins, we calculated the number of nodes
as well as spin-spin correlation functions in order to clarify
the issue of the canted phase versus the spiral states and
PS. The snapshots of localized spins clearly indicate the
evidence of the PS, but not the canted phase. Although
we considered primarily the one-dimensional lattice model
in this work, the PS regions were shown to exist in higher
dimensions [17,18]. When the evolution of the magnetic
correlations only is concerned, our results can be consid-
ered to be at least qualitatively a representative of the
high dimensional case. Further, our analysis of the cal-
culated results are consistent with the results of neutron
diffraction experiment [6].

The FM Kondo model Hamiltonian including a strong
Hund’s coupling term as well as a hopping term is written
by

L
H = —Z (tijcj;,cja + h.c.) — JHZ S, ~0'abcj;cib, (1)
(if)o iab

where o, is the Pauli matrix for the conduction elec-
tron spins and the S; represents the localized spin of ¢y
electrons. This Hamiltonian is popularly adopted for the
description of the doped magnates for doping level of
0.2 < o < 0.5. The operator ¢;, (cj) annihilates (cre-
ates) a conduction electron with spin index o and the site
index 4. The first term represents an effective hopping of
e4 conduction electrons between the nearest-neighbor Mn
sites. The second term is a FM Hund’s coupling between
e4 conduction electrons and localized spins of ¢4 electrons.
L is the system size. Within a semi-classical treatment of
the t24 spins, the trace over the eg4 electrons in the parti-
tion function could be carried out exactly. The integration
over the localized spins was performed using a standard
Metropolis algorithm. Calculations were performed for the
1D chain with L = 24. Only nearest neighborhood hop-
ping was considered. The parameters used for the calcula-
tions were t;; = t,Jg = 12t and T = t/80. Unless stated
otherwise, we take t = 1, Jy = 12¢t,T = ¢/80 and L = 24.
Periodic boundary conditions in spatial directions were
used. For a given chemical potential u, the density was
determined as a result of simulations. In actual calcula-
tions, typically 6 x 10* initial sequences of configurations
were discarded for the thermalization processes before real
data were collected. We actually took 2 x 10° data for each
measurement depending on numerical accuracies.

The PS at a certain doping level could be character-
ized by a drastic change of the density of states N(w)
with a small change of u. The lower band of N(w) is pre-
sented for various values of p at Jy = 8 and T'=1/120 in
Figure 1. The broken line at w — p = 0 indicates Fermi
energy Er [19]. For p 2 —6.6907, the system is almost in-
sulating because Fr lie in the edge of the lower band. As
u decrease further, the nature of N(w) change drastically
indicating the crossover between insulating and metallic
states. For p < —6.6910, the system is metallic because
the lower bands run across the Fermi energy. In this re-
gion, the bandwidth is equal to about 4 which is close

The European Physical Journal B

O p=-6.6905
J, =8t © U=-6.6907
A §Y=-6.6910
10 ¢ u i=-6.6913
5
3o
=z
0
0
0

Fig. 1. Density of states N(w) as a function of energy for
various values of p at Jg = 8 and T'=1/120.
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Fig. 2. (a) The density of itinerant electrons (n) as a function
of the Monte-Carlo steps for an L = 24 chain with Jg = 12¢,
T =t/80 and p = —10.5490. (b) Number of node for localized
spin S..

to the one from the dispersion relation in 1-dimensional
double exchange model. However, the bandwidth change
abruptly near critical g ~ —6.6910. This discontinuity of
bandwidth imply the phase instability, i.e., PS of the sys-
tem.

In our results, the PS is clearly observed in a range of
band filling near z ~ 0, which is consistent with the pre-
vious work [16-18]. Systems within the PS region become
unstable and the density fluctuates as a function of Monte-
Carlo steps. Figure 2a shows the time evolution of the
density of the itinerant electrons for a critical chemical po-
tential 4 = —10.5490. Wild fluctuations in the density are
observed with frequent jumps between two stable phases
of (n) = 1.0 and (n) = 0.79. This is an intrinsic charac-
teristic of the PS. To understand this behavior in detail,
we calculated the magnetic correlations, i.e., the configu-
rations of the localized spins. Figure 2b shows the number
of nodes of the localized spin 5% as a function of Monte-
Carlo step. For a FM spin configuration, the number
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Fig. 3. Doping dependence of the FM and AF peak intensity
of structure factor for Jg = 12t and T = ¢/80. The dominant
component crosses over from the AF to FM component around
z ~ 0.09.

of nodes is zero while for an AF spin configuration the
number of nodes is L. As indicated in Figure 2, this num-
ber for S* and the density (n) is closely related. An AF
phase is dominant near (n) ~ 1 while the FM phase is
dominant near (n) ~ 0.79. The admixture of the AF and
FM component is the origin of a spatial phase separation
between hole-poor AF and hole-rich FM region.

To probe the spin-spin correlations in the PS region,
we calculated the spin structure factor S(q) as defined by

S(q) = (1/L) > ™S, - Syy,). (2)
1,m

Shown in Figure 3 are the peak intensities of the spin
structure factor S(q) for the range of 0 < z < 0.22. In this
region, S(g) has a two-peak structure, one at the AF ¢-
vector, i.e., ¢ = m and the other at the FM g¢-vector, i.e.,
q = 0. Near = ~ 0.09, there is a crossover between the
AF and FM components. This gradual crossover is asso-
ciated with an additive nature of S(g) for the two phases.
Care must be taken in analyzing the S(q) since two peaks
could also show up in the canted phase which is character-
ized by a single phase with two sub-lattice magnetization
one having a nonzero value [13]. For example, Kawano
et al. [6] interpreted the observed two-peak structure as a
weak canted ferromagnetism. Usually the distinction be-
tween the phase separation and the canted phase requires
the presence of an applied magnetic field [4,5,13]. But,
in this case, snapshots of spin configuration could clearly
indicate that the two-peak structure is related to the PS,
not to the canted ferromagnetism.

The two-peak structure of S(g) does not discern the
PS or the canted phase, but clearly rules out the re-
cent claim of the spiral structure proposed by Inoue and
Maekawa [20] based on the Hubbard FM Kondo lattice
model with AF superexchange interaction (J4r) between
localized spins in the strong U limit. If the spin struc-
ture S(q) changes continuously from ¢ = 7 to ¢ = 0 with
the increase of x, the locus of ¢ should follow the dashed
line as shown in inset of Figure 3. But, this is not the
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Fig. 4. (a) FM and AF moments as a function of tetrava-
lent manganese (Mn**) from reference [5], and (b) from refer-
ence [6].

case in the results in this work. Maybe such contradic-
tory results could have originated from Jsp. Although
small in its magnitude, J4r seem to play a crucial role in
the magnetic properties of La;_,(Sr,Ca),MnOj. Indeed,
our preliminary study [21] indicates that the FM ordering
temperature T, is very sensitive to small Jap variations
for x ~ 0.3.

For a comparison of our results in S(g) with exper-
iments, we plotted the changes of magnetic moments in
La;_,Ca,;MnO3 and La;_,Sr,MnOj3 as a function of x as
shown in Figure 4. The par and ppps represent the aver-
age AF and FM magnetic moments. The changeover from
AF to FM region for increasing x in our case is gradual,
but in the real experiment for La;_,Ca,MnQg, it is very
sharp. This crossover takes place at x ~ 0.16 and =z ~
0.082 for the La;_,Ca,MnO3 and for the La;_,Sr,MnOs
respectively. Such different behavior can be understood
on the basis of the distinct ionic radius [22] and elec-
tron affinity [23] of the alkaline ions. In particular, the
FM moments are progressively reduced as the radius of
lanthanide is shortened. Since the radius of Sr’* ions is
greater than that of Ca?* ions, the FM frustration is en-
hanced in the Sr-based Mn-oxides at a smaller x than that
of the Ca-based Mn-oxides. Although the exact descrip-
tion of the magnetic frustration at present is not clear, it
may originate from the enhancement of the effective AF
coupling [21]. However, our result of S(q) is at least qual-
itatively well compared with experiments.

Now let us look at the PS from a snapshot of the lo-
calized spins configuration. The spatial dependence of the
azimuthal angle of the local spins S? = cos(f;) is plot-
ted in Figure 5. The average density of the conduction
electron is (n) = 0.886. The coexistence of the AF and
FM portions is clearly seen. These two magnetic states
strongly depends on the density of conduction electrons.
At high electron density, the low conducting FM phase is
embedded in an insulating AF host, resulting in globally
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Fig. 5. Spatial dependence of the azimuthal angle 6; of the
tag spin S; for Jg = 12¢t, T = ¢/80 and p = —10.5497. The
average hole density is closed to z &~ 0.114.

low conductivity. But, as the hole carrier density increases,
the phase segregation occurs from the low conducting AF
to high conducting FM region. Thus, one sees that the
hole-poor region is an insulating AF while the hole-rich
region is a conducting FM state. From this analysis, we
observed that the coexistence of the hole-poor AF and
hole-rich FM portion is intrinsic in the FM Kondo lattice
model.

Indeed a large number of experimental papers [8—11]
have reported the presence of the phase separation in the
doped manganites, and our study seem to be in qualitative
agreement with experiments. However, as demonstrated in
the recent works [17,18], the superexchange interactions
among tz4 local spins, in addition to the strong Hund cou-
pling, play an important role in determination of the phase
separation. Further, Yunoki et al. [24] pointed out that the
phase separation is also induced by the orbital degree of
freedom for large electron-phonon coupling, which means
that one has to take account of both the superexchange
interactions and the Jahn-Teller effects for the proper de-
scription of Mn-oxides. Despite the basic differences be-
tween l-orbital and 2-orbital with JT phonons, the phase
separation tendencies are similar to the phenomenon ob-
served in our scheme. It suggests that the interplay of the
local FM spin alignment induced by conduction electrons
via double exchange mechanism is a crucial ingredient.
But, further studies are required to clarify the nature of
the phase separation in doped manganites.

In conclusion, the PS of the FM Kondo lattice model is
clearly demonstrated by the direct observation of a snap-
shot of spin configuration. The evidences of the density of
states, density fluctuation as well as spin-spin correlations
also support this result. At a fixed density, magnetic re-
gions are separated spatially into the hole-poor AF and
the hole-rich FM phase. In the phase separation region,
the doping dependence of the spin structure factors is pre-
sented and compared with experiments.
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