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Outline

Effects of disorder in double-exchange systems on

TC of ferromagnetic transition

• ‘world-record’ Monte Carlo simulation

spin excitation spectrum

• anomalies such as broadening, softening, etc.

competing phases

• disorder-induced insulator-to-metal transition

• origin of CMR



Disorder in CMR Manganites ?



Bandwidth Control ?
ionic-radius control is often called ‘bandwidth control’ 
with changing the angle and length of Mn-O-Mn bonds
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FIG. 4. Phase diagram of temperature vs tolerance factor for
the system A0.7A0

0.3MnO3, where A is a trivalent rare earth ion
and A0 is a divalent alkali earth ion. Open symbols denote TM

c
measured at 100 Oe. Closed symbols denote T

r
c . Data taken

while warming.

consistent with the b2 dependence of the superexchange

interaction. More recently, the connection between t and
charge transport has been found in ANiO3 [16]. By in-

creasing t or temperature a first order insulator-metal tran-
sition occurs. This transition is accompanied by a slight

(!0.2%) reduction in unit cell volume, which appears to
cause a sudden increase in the one-electron bandwidth.

This points to an important aspect of the manganese per-

ovskites that has not yet been considered: the change of b
as a result of magnetic order. From the temperature hys-

teresis in r evident in Fig. 1, the transition at Tc appears

to be first order, and involves a switching from a generic

nonmetallic state to a metallic state, reminiscent of the

transition in ANiO3. Critical point calculations around a

ferromagnetic transition for fixed J predict a much slower,
smooth second order transition, completely incompatible

with our results [17]. However, an abrupt increase in b at
the first order transition would result in an abrupt increase

in JDE , consistent with what is observed.

The current study, together with previous results, shows

that any realistic theoretical treatment must allow for

variations in b as a result of changes in t, thermal ex-
pansion, structural changes, etc. In a general sense the

transition at Tc involves not only magnetic ordering, but

also a metal-insulator transition. A key problem with sim-

plified double exchange calculations is the failure to de-

scribe the large change in electron scattering observed near

Tc by just spin scattering at a second order ferromag-

netic transition. The metal-insulator transition in ANiO3

for a similar range of t suggests that the phase diagram
of Fig. 4 is determined by an intrinsic electronic metal-

insulator transition due to changes in b, independent of
the double exchange interaction.

In summary, the present study of a range of manganese

perovskites with fixed hole concentration has connected

a reduction of Tc and an increase in magnetoresistance

with a decrease in the microstructural Mn-O-Mn bond

angle. While the notion of double exchange describes an

important aspect of the magnetoresistance near Tc, these

results demonstrate the need to consider changes in the

electronic hopping element b as a result of changes in

the lattice. This study in bulk materials, in conjunction

with studies as a function of carrier concentration, is an

appropriate starting ground for understanding the wide

range of magnetic effects observed in thin films.

We would like to thank A. J. Millis, P. B. Littlewood,

B. I. Shraiman, and N. P. Ong for helpful discussions.
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hole level. In what follows, we restrict ourselves to the bi-

critical features in the case of x!0.45.

IV. CRITICAL FEATURES IN xÄ0.45 CRYSTALS

First, we show in Fig. 3 the extended phase diagram for

x!0.45 over a wide regime of the A-site-averaged ionic ra-
dius. To add the data points to the case of

Pr1"x(Ca1"ySry)xMnO3 (x!0.45,0!y!1), we have made
use of our own results for single crystals of R1"xCaxMnO3
(x!0.45, R!Gd, Sm, and Nd" as well as for

(Pr0.5La0.5)1"xSrxMnO3 and La1"xSrxMnO3 (x!0.45). It is
even more evident in this broader perspective that the com-

petition between the CO-OO and FM exhibits the bi critical

feature: Both TCO and TC systematically decrease toward the

CO-OO–FM phase boundary and finally coincide with each

other, TCO!TC#200 K, forming the bicritical point. Inci-
dentally, the AF spin ordering temperature TN tends to de-

crease with decreasing the A-site ionic radius or the W, while

showing a critical decrease only near the CO-OO–FM phase

boundary. This reflects the fact that the CE-type spin order-

ing is mediated by the local double-exchange interaction

along the orbital zigzag arrangement on the ab plane.15–17

Hereafter, coming back to the case of

Pr1"x(Ca1"ySry)xMnO3 (x!0.45), we investigate the step
variation of magnetoresistive properties around the bicritical

point. Figure 4 $left" shows the prototypical temperature pro-
files of magnetization $top", lattice parameters $middle", and
resistivity $bottom" for the y!0.05 crystal of

Pr1"x(Ca1"ySry)xMnO3 (x!0.45) with the charge- and

orbital-ordered ground state. As shown in the figure, the

CO-OO transition at around 225 K(!TCO) is manifested by

abrupt changes in magnetization, lattice parameters, and re-

FIG. 3. Extended phase diagram for x!0.45 over a wide regime
of the A-site-averaged ionic radius, which includes our own results

for single crystals of R1"xCaxMnO3 (x!0.45, R!Gd, Sm, and
Nd" as well as for (Pr0.5La0.5)1"xSrxMnO3 and La1"xSrxMnO3 (x

!0.45) in addition to those for the present Pr1"x(Ca1"ySry)xMnO3
(x!0.45). The TCO and TC , which were determined by averaging
the values in the cooling and warming runs, are indicated by open

circles and squares, respectively. The antiferromagnetic charge- and

orbital-ordered insulator and ferromagnetic metal are denoted as

CO-OOI and FM, respectively. The Néel temperature TN is denoted

as solid triangles.

FIG. 4. Temperature profiles

of magnetization $top", lattice pa-
rameters $middle", and resistivity
$bottom" for Pr0.55(Ca1"ySry)0.45
MnO3 crystals with y!0.05 $left"
and 0.25 $right". In the top panels,
the zero-field cooling $ZFC" and
field cooling $FC" magnetizations
are denoted as open and solid

circles, respectively. In the middle

panels, the crystal axes are those

of Pbnm symmetry. In the bottom

panels, the cooling and warming

runs are denoted as dotted and

solid lines, respectively.
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A0.7A’0.3MnO3 Pr0.55(Ca1-ySry)0.45MnO3

‘average’ physics works ?  - No.



Breakdown of 
‘Bandwidth Control’ Picture

change of TC >> change of bandwidth W

coordination effects around the A site of the perovskite struc-
ture. At low values of !rA", the octahedral framework folds
around the small A-site cation until it attains equilibrium
distances with 8 of the 12 surrounding oxygen atoms #eight-
fold coordination, see Fig. 8$. The A-O distances with the
three remaining oxygen atoms are in excess of 3 Å which
makes them effectively nonbonded. In this situation, very
little strain is imposed upon the Mn-O bond lengths, which
can adjust to their optimal value. With increasing !rA", the

octahedral framework untilts. As a consequence, the far-
away oxygen atoms in the first coordination shell come
closer to the A site, and start to feel an attractive interaction,
which is transmitted to the Mn-O network as an effective
‘‘internal’’ pressure. For even larger values of !rA", the A
cations becomes effectively 12-fold coordinated, and the
whole lattice, including the Mn-O distances, must expand
with increasing !rA" . This reversal of the sign of the internal
pressure could, in fact, be quite a general effect in perovs-
kites, which deserves to be explored in other systems as well.
The application of an external pressure on these com-

pounds produces quite different structural effects than the
aforementioned ‘‘internal’’ pressure. The primary effect of
the external pressure is to compress all the bond lengths
#Mn-O and A-O$. However, the A-O bonds are less com-
pressible than the Mn-O bonds, whence a slight increase of
the Mn-O-Mn bond angles as a function of pressure. We
have measured the internal parameter compressibility for all
the samples of our series up to %0.6 GPa. No remarkable
difference between the samples has been noted. Figure 9
shows the pressure evolution of the internal parameters, nor-
malized as in Fig. 7. Although the behaviors of both !Mn-O"
and cos & go in the sense of an increase of W as a function of
pressure, it is clear that !Mn-O" gives by far the largest con-
tribution to this effect.
The determination of the relative compressibilities as

a function of ‘‘chemical’’ and applied pressure allows an
interesting quantitative comparison to be made between
the their influence of TC . Assuming that the internal struc-
tural parameters only influence TC through W , that is, TC
!TC'W(dMn-O ,&)( , and using Eq. #5.1$, one obtains

dTC

d!rA"
!W

dTC

dW
')&

r "3.5)
d

r ( , #5.2$

dTC

dP
!W

dTC

dW
')&

P"3.5)
d

P( , #5.3$

where

FIG. 7. Bottom: Relative changes of the average Mn-O bond
lengths and cos & 'for the definition, see Eq. #3.2$( as a function of
!rA" normalized to the values for Pr0.7Ca0.3MnO3 (!rA"!1.18 Å).
Top: comparison of the evolution of the cos &/d

B-X
3.5 ratio #assumed

to be proportional to W , see Eq. #5.1$ and of TC as a function of
!rA".

FIG. 8. A-site cation to oxygen bond lengths as a function of
!rA" at T!2 K. The numbers beside the lines indicate the bond
multiplicity in the various phases. Lines are guides to the eye.

FIG. 9. Relative pressure evolution of the internal parameters,
normalized as in Fig. 6, for selected samples of the A0.7A0.3! MnO3
series. The right and left scales are identical. The lines are linear
best fits through the average values between the different composi-
tions.
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(La,Sr)
(La,Ca)

∆TC~30%

c.f.  TC scales to the bandwidth within
the double-exchange theory

∆W~2%



Another Counterexample:
Anomalies in Spin Excitation

compounds with high TC (wide bandwidth?)
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sample from the same growth batch. M rises sharply

below TC ! 355 K, and there is a concomitant drop in
r, as is typical for LaMnO3 samples doped to achieve

ferromagnetism. Using magnetic neutron diffraction [3]

we have confirmed that TC is also 355 K for the larger

crystal used for our inelastic experiments.

We performed the neutron scattering measurements

using the HET spectrometer at the pulsed spallation

source ISIS of the Rutherford Appleton Laboratory. HET

is a direct geometry time-of-flight spectrometer [10], with

a Fermi chopper in front of the sample whose phase with

respect to the pulse can be chosen to fix the incident beam

energy at any desired value. The neutron flight times

give the energies of the scattered neutrons, and hence

the energy transfers h̄v. Together with the scattering

angle and the sample orientation, they also yield the

momentum transfers Q. One method for examining the
dispersion surfaces of the normal modes of single crystals

with triple-axis spectrometers is to plot the experimental

intensities as a function of momentum transfer along some

symmetry direction for fixed energy transfer. Given a

multidetector chopper spectrometer with fixed incident

energy Ei , it is possible to measure scans along symmetry

direction without rotating the sample [10]. In general,

the energy transfer will vary along these directions. Even

so, with a judicious choice of Ei and sample orientation,

one can achieve scans along the chosen directions for

which the energy transfer is almost constant, as illustrated

in Fig. 1(a). Near reciprocal lattice points this yields a

pair of peaks corresponding to counterpropagating modes

with wave numbers specified by the intersection of the

surfaces defined by the nearly constant h̄v scan and the

dispersion relation.

Figure 1(b) shows data for a scan centered on h̄v !
18 meV obtained along the (1, 1, 0) direction for our

sample of La0.7Pb0.3MnO3 at 10 K. As for the analo-

gous triple-axis scan, the slightly different shapes and in-

tensities of the two peaks are due to resolution effects

which are well understood, as indicated by the excellent

agreement between the data and the solid line representing

the convolution of the instrumental response function and

the theoretical cross section for spin waves in a nearest-

neighbor exchange coupled Heisenberg ferromagnet. To

allow for possible damping processes, for example, de-

cay into electron-hole pairs, the spin wave cross section

has been convolved with a damped simple harmonic os-

cillator. This reduces to delta functions in the limit of

light damping.

We have used several incident beam energies (50, 100,

and 200 meV) and sample orientations to obtain data such

as those in Fig. 1(b) along all major symmetry directions.

The locus of peaks from a sufficiently large number

of scans provides complete knowledge of the dispersion

relation. Figure 2 shows the outcome of our survey,

which reveals a net magnon bandwidth of approximately

100 meV. Figure 3(a), which presents classic time-of-

flight scans for two fixed detector angles, demonstrates

FIG. 1. (Nearly) constant-h̄v scan for Ei ! 50 meV and
crystal orientated with !21, 1, 0" parallel to the incident beam.
(a) h̄v as a function of momentum transfer (dotted line)
and magnon dispersion surface (continuous line) for the scan.
Scattered intensity peaks are expected where the two intersect.
Frames (b) and (c) show the scattering cross section for T ! 10
and 290 K, respectively, normalized to have the same intensity
scale. The different intensities of corresponding peaks in
the two frames arise from the Bose occupation factor. Data
collection times: 8 h at 170 mA proton current with (b) U
target and (c) Ta target.

that the high energy magnons (solid circles) near the

! 1
2 , 1

2 , 1
2 " zone boundary point are well defined at 10 K.

This implies that well within the ferromagnetic and

metallic phase, there is little damping of the spin waves

via interactions with the carriers. As a technical aside,

note that as in Fig. 1 the two peaks in Fig. 3 (solid circles)

rise from the intersection of the neutron phase-space

trajectory with the spin wave dispersion surface near a

high symmetry point. We are thus, again as in Fig. 1,

seeing counterpropagating magnons on either side of such

FIG. 2. Measured spin wave dispersion along all major
symmetry directions at 10 K. The error bars are smaller than
the points except where shown. Solid lines show the dispersion
relation for a Heisenberg ferromagnet with nearest-neighbor
coupling that best fits the data (see text).
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simple cosine-like dispersion
double-exchange theory is sufficient



Another Counterexample:
Anomalies in Spin Excitation

compounds with low TC (narrow bandwidth?)
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FIG. 1. Magnon dispersions for !0, 0, j", !j, j, 0", and
!j, j, j" (where j ! 0.5 is the cubic zone boundary) at
T ! 10 and 265 K. The solid line is a fit to a nearest-neighbor
Hamiltonian for T ! 10 K and j , 0.2. The dashed line
is a fit for all data including up to fourth nearest neighbors
at T ! 10 K. The dotted line is the corresponding four
neighbor fit for T ! 265 K. Also shown in squares are data
for La0.7Pb0.3MnO3 at 10 K (from Ref. [10]).

especially near the zone boundary saddle point, where sig-

nificant resolution-induced shifts could occur. Our calcu-

lations place an upper bound of 0.5 meV for the shift in

the peak position due to resolution effects. Another pos-

sible source of misinterpretation is that the broad peak at

!0, 0, 1.4" at 265 K is actually a composite of phonon as

well as magnon peaks. This was ruled out by measuring

the same point in the next zone, which showed the same

line shape, down in intensity by the magnetic form factor.

Focusing first on the low temperature dispersion, a

new feature we have observed is the significant soften-

ing at the zone boundary, seen in all directions. The

Heisenberg spin Hamiltonian, H ! 2
P

ij JijSi ? Sj,

couples the spins at site Ri and Rj by Jij . In the

linear approximation, the spin wave dispersion relation

is given by h̄v!q" ! D 1 2S#J!0" 2 J!q"$, where

J!q" !
P

j Jij exp#iq ? !Ri 2 Rj"$. D allows for small

anisotropies. The solid line in Fig. 1 is the outcome of

a fit for only nearest-neighbor interactions for j , 0.2
(the cubic zone boundary occurs at j ! 0.5), resulting
in D ! 1.3 6 0.3 meV and 2SJ1 ! 8.2 6 0.5 meV.
Although this describes the data for j , 0.2, the zone
boundary magnons are missed by 15–30 meV. By

comparison, the magnon dispersion in La0.7Pb0.3MnO3
(TC ! 355 K) was found to be well described by only
nearest-neighbor interactions of similar strength [10].

The dashed lines in Fig. 1 are a fit to the full data

set including up to fourth neighbor interactions, result-

ing in D ! 0.2 6 0.3 meV, 2SJ1 ! 5.58 6 0.07 meV,
2SJ2 ! 20.36 6 0.04 meV, 2SJ3 ! 0.36 6 0.04 meV,
and 2SJ4 ! 1.48 6 0.10 meV. This accurately follows

the dispersion except near the #0, 0, 1$ zone boundary,

FIG. 2. Constant-q scans at two different wave vectors with
the left panel close to the zone center and the right panel
close to the zone boundary. There is a dispersionless crystal
electric field (CEF) level at %12 meV from Pr (shown as dash-
dot line). The solid circles are a constant-q scan of the CEF
level at !0, 0, 1", the zone center. At 265 K, the intensity of
the CEF level drops to undetectable levels and has therefore
been ignored in the data analysis at this temperature. The
T ! 315 K data have been fitted with a simple Lorentzian line
shape (including a Gaussian). The other data have been fitted
to a damped harmonic oscillator, including 4D convolution of
the instrumental resolution as described in the text. The dashed
line is the instrumental response to spin waves with infinite
lifetimes and the dispersion shown in Fig. 1.

which requires the next Fourier term in this direction,

corresponding to J8. Nevertheless, the fourth nearest-

neighbor fit quantifies the remarkable result that addi-

tional extremely long range ferromagnetic couplings are

required. Although J2 and J3 were necessary to fit the

data, the more important correction to nearest-neighbor

coupling is J4. The long range and nonmonotonic behav-

ior of J!q" required by the data seems to rule out a simple
Heisenberg Hamiltonian.

On warming, the dispersion relation uniformly softens,

as can be seen in Figs. 1 and 2 for the #0, 0, 1$ branch
at 265 K. At j ! 0.14, near the zone center, the

magnon peak shows no substantial changes other than

decreasing to lower energy as temperature is increased.

In addition, it is resolution limited at both 10 and

265 K. Just above TC , at 315 K, there is no evidence

for the magnon peak as expected for the long-wavelength

excitations. As the Brillouin zone is traversed (Fig. 3),

magnon lifetime effects become apparent. In particular,

on approaching the zone boundary at j ! 0.5, the 10 K
linewidth is substantially larger than the experimental

resolution width. On warming to 265 K, the deconvolved

1317

Fig. 20!. In spite of the disappearance of the antiferromag-
netic coupling, the similarity with x!0.125 in the dynamic
susceptibility implies the persistence of some feature, related

to the vicinity of the canted state. In the canted state, we have

outlined the tight connection between the dynamic suscepti-

bility of the low-energy spin-wave branch and the static cor-

relations defining the ferromagnetic clusters, attributed to a

charge segregation. At x"0.125, this persisting spin dynamic
feature may reflect a persisting charge segregation along

"001#. The gap value and the stiffness constant determined
from a fit $"$0#Dq2 are reported in Figs. 14 and 17,

respectively.

Along "110#, $(q) can be measured up to the ferromag-
netic zone boundary %1.5,1.5,0! as shown in Fig. 21. The
dispersion differs from that observed at x!0.125 especially
at small q where only a spin-wave dispersion with a small

gap value is detected, within the experimental accuracy %see
comparison with x"0.1 in Fig. 21!. This strong change at
small q suggests that, unlike the "001# direction, ferromag-
netic platelets have percolated within the ferromagnetic lay-

ers, in agreement with the observation of a strongly increas-

ing intensity in diffuse scattering at very small q "Fig. 10%b!#.
The whole dispersion cannot be fitted by a Heisenberg model

with first-neighbor couplings only or a single cosine law,

unlike the case of the high-energy branch at lower concen-

trations. Instead it exhibits an ‘‘S’’ shape, suggesting two

different behaviors depending on the lower or larger q ranges

considered. In addition, an anomaly appears at half the zone

boundary q0"(1.25,1.25,0) as seen in Fig. 21. This anomaly
can be understood as a small splitting in the dispersion as

suggested from the energy linewidth of these magnetic exci-

tations, displayed in Fig. 22, where a discontinuity is ob-

served at this q0 value.

We mention that a similar anomaly has been reported in

La0.85Sr.15MnO3,
23 at the same q0 value, indexed as %0,0,2.5!,

however, and related to the occurence of the new periodicity

indicated by the odd-integer superlattice peaks (0,0,2l#1).
However, the present observations are thought to be related

to the "110# direction only, instead of "001#, so that it cannot
be explained by these superlattice peaks. Additional excita-

tions have been also observed at higher energy. This new

feature is discussed below for x"0.2, where these excita-
tions are more easily detected.

For q!q0, a quadratic law for $(q) determines a stiff-
ness constant with a much larger value than along "001#,out-
lining the anisotropic character of the ferromagnetic coupling

at this critical concentration.

2. La0.8Ca0.2MnO3

At x"0.2, where the transition TOO! occurs very close to
TC %cf. Fig. 1!, the orthorhombicity is too small for the %110!

FIG. 22. q dependence of the magnon energy linewidth or

damping along "110# for x"0.125.

FIG. 23. Spin-wave dispersions determined at x"0.2 for q
along the "110# or "001# directions using the orthorhombic unit cell
%edge of the small perovskite cube!. The continuous line is a guide
for the eye. The splitting into two modes at q0"(0,0,2.5) is sug-
gested by the jump in the energy linewidth at this q value, reported

in Fig. 21.

FIG. 24. Energy spectra measured at x"0.2 along "110# or
"001#, showing two modes for each q value. The dashed lines cor-
respond to a fit with two Lorentzian functions convoluted with the

spectrometer resolution.
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notable deviations from the simple cosine-like dispersion
anomalies: broadening, softening, anti-crossing, etc.



Disorder ?

residual resistivity increases 
as TC decreases although the 
specific heat does not show 
any significant mass 
enhancement (Coey et al., 1995)

TC scales to the standard 
deviation of A-site ionic radii 
for a constant average radius

sample dependence of spin 
excitation spectra (Perring et al., 
2000, Furukawa and Hirota, 2000)

A fit to the linear region in Fig. 3,

Tm!"rA#,$2%!Tm!"rA#,0 %"p1$
2, !1%

gives Tm("rA#,0)!400 K and p1!20 600 K Å
"2 for our

series of samples in which "rA#!1.23 Å . Tm("rA#,0) is an
estimate of the ideal metal-insulator transition temperature
that would be observed if cation-size disorder were not
present.18 Equation !1% has been used to estimate the varia-
tion of Tm with "rA# in the absence of cation-size disorder,
shown in Fig. 1!b%, by extrapolating Tm("rA#,0) from Tm for
all the reported compositions with $2#0.015 Å2 in Fig.
1!a%, assuming the slope p1 to be independent of "rA#. For
the small number of samples with $2$0.015 Å2 the cruder
approximation Tm("rA#,0)&Tm%300 based on the inhomo-
geneous region of Fig. 3 has been used.
A-site cation disorder results mainly in random displace-

ments of oxide ions from their average crystallographic po-
sitions. In a close-packed, hard-sphere ionic model of the
structure, the mean random displacement is Qr&$ !$
!!$2 is the standard deviation in the distribution%. Chang-
ing the mean A-cation radius "rA# results in analogous, or-
dered oxide displacements for which the mean value is Q0

&rA
0""rA#, where the ideal radius for an undistorted cubic

perovskite is rA
0!1.30 Å for (R0.7M 0.3)MnO3 composi-

tions.19 Hence, following Eq. !1%, the disorder-corrected
variation of Tm with "rA# should be of the form

Tm!"rA#,0 %!Tm!rA
0 ,0 %"p2!rA

0""rA#%2, !2%

with p2'p1. This expression is found to give a good fit to
the extrapolated data in Fig. 1!b% with refined parameters
Tm(rA

0 ,0)!530&20 K and p2!29 000&1000 K Å"2.
Tm(rA

0 ,0) is an experimental estimate of the metal-insulator
transition temperature for an ideal, disorder-free
(R0.7M 0.3)MnO3 perovskite.
These results show that both the average radius "rA# (Fig.

1!b%) and the size variance $2 of the A-site cations !Fig. 3%
are key chemical parameters that can be used to tune the
metal-insulator transition in (R1"xMx)MnO3 perovskites at
a constant doping x . In homogeneous samples, the depen-
dence of Tm upon both parameters is described to a good

approximation by equations Tm!Tm(0)"pQ2, where the
oxide ion displacements Q in the strain term are random due
to A-site disorder (Qr&$ in Eq. !1%) or ordered due to the
changing average A-cation radius (Qo&rA

0""rA# in Eq. !2%).
The experimental Tm values for x!0.3 (Fig. 1!a%) fall into
two regions. For "rA##1.22 Å , the cation-size variance is
small and the true variation of Tm with "rA# is observed. As
"rA# increases above 1.22 Å , the disparity in R and M !!Sr
and Ba% radii gives rise to an increasing $2 effect which
offsets the increase in Tm(0), resulting in approximately
constant Tm values. La 0.7Ba0.3MnO3 has the maximum ob-
servable "rA# of 1.29 Å but also a large value of
$2!0.0135 Å2 so that Tm is only 320 K although the ex-
trapolated value for an ideal (R0.7M 0.3)MnO3 perovskite is
Tm&530 K.
Our results are in agreement with recent mean-field treat-

ments of the metal-insulator transition in (R1"xMx)MnO3
perovskites.20 Calculations based upon the double exchange
interaction alone give unrealistically high values of
Tm&2500–5000 K,21 but including electron-localizing !po-
laron% effects due to Jahn-Teller distortions of Mn3%O6 oc-
tahedra gives estimates of Tm'500 K for small eg electron
hopping energies '0.2 eV,20 in agreement with our extrapo-
lated Tm(rA

0 ,0) of 530 K. The Jahn-Teller part of the Hamil-
tonian contains the lattice strain term (K/2)*Qb

2 summed
over changes in Mn-O bond lengths Qb where K is the har-
monic force constant for these bonds. Assuming the changes
in the Tm to be due principally to this strain energy, then an
approximate expression for Tm is

Tm!"rA#,$2%!Tm!rA
0 ,0 %"

K

2+Sm
* Qb

2 , !3%

where +Sm is the entropy change at the transition. If the
mean-squared displacements Q2 (!Qr

2 or Qo
2) due to

changes in the cation variance or average size are assumed to
be isotropic then Qb

2!Q2/3 and for six Mn-O bonds per cat-
ion, Eq. !3% becomes

Tm!"rA#,$2%!Tm!rA
0 ,0 %"

KQ2

+Sm
!4%

so that the experimental coefficients p1 and p2 in Eqs. !1%
and !2% are &K/+Sm . Estimating +Sm&kln(2"S#%1) with
"S#!1.85 and taking the range of p&21 000–29 000 K
Å"2 from the experimental fits of Eqs. !1% and !2% gives
K&45–65 N m"1. This is of the correct magnitude for the
Mn-O force constant, given the approximate nature of the
calculation, and lies within the range 30–300 N m"1 esti-
mated for K in LaMnO3.

22 Hence, the local deformations of
the MnO6 octahedra due to A-cation disorder and size ef-
fects act as ‘‘preformed Jahn-Teller distortions’’ that pro-
mote the localization of eg electrons thereby lowering Tm .
Consideration of A-cation size disorder through the vari-

ance $2 also accounts for variations in MR properties of
(R1"xMx)MnO3 perovskites with similar Tm values. Negli-
gible disorder ($2#10"6 Å2) can be realized in the
Pr1"xCaxMnO3 system due to the exact size matching of
Pr3% and Ca 2%, which enables a variety of charge and spin
ordered states to be observed.23 These phases are nonmetallic
due to the small "rA# of 1.18 Å , although a transition to the

FIG. 3. Variation of Tm with A-cation size variance $2, showing
the fit of Eq. !1% to data with $2#0.015 Å2.
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cies or W. That is, with changing R from La to Sm, the T

dependence of the resistivity above Tc shows a crossover

from metallic to insulating and the residual resistivity in the

ferromagnetic ground state increases anomalously. We have

found clear spectroscopic evidence corresponding to such a

systematic but striking change in the charge dynamics with

only modestly changing W.

All the samples investigated here were single crystals

melt grown by a floating-zone method,4,16 and were polished

to optical flatness with alumina powder. For the reflectivity

measurement, special caution was paid to removing residual

mechanical stress induced by surface polishing. We annealed

the samples at 1300 K in flowing oxygen gas !usually for
100 h" until the midinfrared reflectivity spectra were scarcely
changed by further annealing. Reflectivity measurements

were carried out between 0.0015 and 40 eV, using a Fourier-

transform interferometer for 0.01–0.8 eV and grating spec-

trometers in a higher-energy region !0.6–40 eV". Measure-
ments with changing temperature were carried out using a

temperature-variable cryostat between 0.01 and 6 eV. Syn-

chrotron radiation at INS-SOR, Institute for Solid State

Physics, University of Tokyo, was utilized for the measure-

ment above 6 eV at room temperature. Optical conductivity

spectra at various temperatures were obtained by Kramers-

Kronig analysis of the respective reflectivity spectra com-

bined by the room-temperature data above 6 eV. For the

analysis, we assumed the constant reflectivity or Hagen-

Rubens relation below 0.01 eV, and #!4-type extrapolation

above 40 eV. Variation of these extrapolation procedures

was confirmed to cause negligible difference for the conduc-

tivity spectrum above 0.02 eV.

In Figs. 2!a"–2!d" we show reflectivity spectra of

R1!xSrxMnO3 (x"0.4; R"La, Pr, Nd0.5Sm0.5 , and Sm" at

various temperatures. Peak structures observed at 0.02, 0.04,
and 0.07 eV are due to optical-phonon absorption. The re-
flectivity spectra for all the crystals depend strongly on tem-
perature, reflecting the changes of the electronic structure
with spin polarization over a broad energy range up to sev-
eral eV.21,22 For R"La with maximal W, as the temperature
decreases below Tc , the reflectivity below 1 eV gradually
increases and then the spectra turn into the metallic reflec-
tance band at low temperatures. As the R site is changed
from La to Sm, the metallic reflectance band becomes more
obscure, and phonon structures are pronounced. In particular,
for R"Sm the spectra above Tc show up as typical of an
insulator with sharp far-infrared peaks due to the optical-
phonon modes. As seen in Fig. 1, the Tc’s of R"Sm and

Nd0.5Sm0.5 are remarkably suppressed as compared with

other compounds, and steep resistivity drops by several or-

ders of magnitude are observed at Tc . Corresponding to the

abrupt changes of the resistivity, the reflectivity spectra for

R"Sm and Nd0.5Sm0.5 $Figs. 2!c" and 2!d"% change steeply
around Tc . These abrupt changes of the electrical property in

the R"Sm and Nd0.5Sm0.5 crystals have been interpreted as

due to subsisting antiferromagnetic spin correlation down to

Tc , which is partly manifested by a clear deviation of in-

verse magnetization from the Curie-Weiss law at tempera-

tures above Tc .
16,23 In spite of the large variation of the

spectra with R, the respective position of the apparent plasma

edge !1.5 eV" is little changed, indicating that the net oscil-
lator strength for the #2 eV transition is almost preserved

!vide infra".

FIG. 1. Upper panel: The critical temperature of the ferromag-

netic transition (Tc) for crystals of R1!xSrxMnO3 (x"0.4; R"La,
Pr, Nd0.5Sm0.5 , and Sm" as a function of the tolerance factor ( f ),
which is defined in the text. The dotted thin line is a guide to the

eyes. Lower panel: The temperature dependence of resistivity for

crystals of R1!xSrxMnO3 (x"0.4). The arrows indicate Tc .

FIG. 2. Left panel: Reflectivity spectra at various temperatures

in R1!xSrxMnO3 (x"0.4); !a" R"La, !b" R"Pr, !c" R

"Nd0.5Sm0.5 , and !d" R"Sm. Right panel: Optical conductivity
spectra at various temperatures in R1!xSrxMnO3 (x"0.4); !e" R
"La, !f" R"Pr, !g" R"Nd0.5Sm0.5 , and !h" R"Sm. Open circles
in !h" show, for comparison, the spectrum of Pr0.6Ca0.4MnO3 in the
charge/orbital ordered state !CE type, at 10 K" reproduced from
Ref. 31.
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∆Tc ∝ σ2 = 〈r2
A〉 − 〈rA〉2



Yes, Disorder !
new ‘disorder-controllable’ compounds

A-site ordered/disordered compounds A1/2Ba1/2MnO3

disorder-induced insulator-metal transition and CMR

Akahoshi et al., 2003

observed in the HRTEM image of the A-site disordered
material. This A-site ordering is due to the large differ-
ence in the ionic radii of Ln3! and Ba2! and reminiscent
of the structure of well-known 123-type high-
temperature superconductors, LnBa2Cu3O7. The respec-
tive MnO2 sheets in this A-site ordered tetragonal form
are free from random potential which would otherwise
arise from the Coulomb potential and/or local strain via
the random Ln3!=Ba2! A sites. By contrast, the melt-
grown sample with the same A-site composition shows
the complete solid solution of Ln and Ba ions on the A
sites with a simple cubic form as the average structure.

We show in Fig. 2 the electronic phase diagrams
both for the A-site ordered and disordered forms of

Ln1=2Ba1=2MnO3 with a variation of Ln. On the basis of
the appreciable modification of the electronic phase dia-
gram upon the A-site disordering, we argue the important
effect of A-site disorder near the bicritical region of the
manganites.

Let us begin with the comparison between the A-site
ordered and disordered forms of Sm1=2Ba1=2MnO3. The
temperature (T) dependence of the magnetization and
electrical resistivity are shown in Fig. 3. In the ordered
form [Fig. 3(a)], the magnetization and resistivity simul-
taneously exhibit abrupt changes at 380 K where the
structure changes from tetragonal with the lattice pa-
rameters of a " 3:915 !A and c " 7:622 !A at 300 K to
orthorhombic with those of a " 3:914 !A, b " 3:882 !A,
and c " 7:692 !A at 380 K. The lattice-structural change is
clearly ascribed to the onset of the charge/orbital order
[14–17]. Figure 1(e) shows the electron diffraction pro-
jected on the [001] zone in the tetragonal setting, in which
distinct superlattice spots (1=4, 1=4, 0) arising from the
diagonal orbital/charge stripes on the Mn square lattice
are discerned. The suggested orbital/charge ordering pat-
tern [15,16] is identical in the ab plane with that of the
conventional disordered manganites [18,19], but differs in
its stacking pattern (AABB type) along the c axis. Recent
results of resonant x-ray diffraction and its azimuthal
angle dependence [20] also support this assignment.
Other A-site ordered materials with the ionic radius of
Ln smaller than that of Sm have the same CO/OO pattern
as Sm1=2Ba1=2MnO3, and TCO is raised with the decrease

FIG. 2 (color). Electronic phase diagrams for the A-site or-
dered (black line and symbols) and disordered (red line and
symbols; the region shaded in red) perovskites with half
doping Ln1=2Ba1=2MnO3, as a function of the ionic radius of
Ln. CO/OO, FM, and SG stand for the charge/orbital ordered,
ferromagnetic, and spin-glass states, respectively. TCO, TC, and
TSG represent the respective transition temperatures. The data
for the mixed crystal compounds with Ln " #Nd; Sm$ and (La,
Nd), both Ln=Ba ordered and disordered, are also shown.

FIG. 1 (color). Schematic structures of half-doped perov-
skite, Ln1=2Ba1=2MnO3, viewed along the b axis: (a) the
A-site ordered perovskite with the alternate stack of LnO and
BaO layers along the c axis, and (b) the A-site disordered
(solid-solution) perovskite with cubic structure. The lattice
images obtained by high resolution transmission electron mi-
croscopy (HRTEM) at room temperature are shown for (c) the
A-site ordered and (d) disordered Sm1=2Ba1=2MnO3. The [001]-
zone electron-diffraction pattern of (e) the A-site ordered and
(f) disordered Sm1=2Ba1=2MnO3 at room temperature. The
superlattice reflections with a modulation wave vector (1=4,
1=4, 0) are clearly observed in the ordered material, proving
the presence of the charge/orbital ordered phase. These super-
lattice reflections disappear above 380 K. For the disordered
material, no superlattice reflection is observed down to low
temperature, indicating no long-range charge/orbital order.
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of the structure of well-known 123-type high-
temperature superconductors, LnBa2Cu3O7. The respec-
tive MnO2 sheets in this A-site ordered tetragonal form
are free from random potential which would otherwise
arise from the Coulomb potential and/or local strain via
the random Ln3!=Ba2! A sites. By contrast, the melt-
grown sample with the same A-site composition shows
the complete solid solution of Ln and Ba ions on the A
sites with a simple cubic form as the average structure.
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both for the A-site ordered and disordered forms of
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the appreciable modification of the electronic phase dia-
gram upon the A-site disordering, we argue the important
effect of A-site disorder near the bicritical region of the
manganites.
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ordered and disordered forms of Sm1=2Ba1=2MnO3. The
temperature (T) dependence of the magnetization and
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structure changes from tetragonal with the lattice pa-
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orthorhombic with those of a " 3:914 !A, b " 3:882 !A,
and c " 7:692 !A at 380 K. The lattice-structural change is
clearly ascribed to the onset of the charge/orbital order
[14–17]. Figure 1(e) shows the electron diffraction pro-
jected on the [001] zone in the tetragonal setting, in which
distinct superlattice spots (1=4, 1=4, 0) arising from the
diagonal orbital/charge stripes on the Mn square lattice
are discerned. The suggested orbital/charge ordering pat-
tern [15,16] is identical in the ab plane with that of the
conventional disordered manganites [18,19], but differs in
its stacking pattern (AABB type) along the c axis. Recent
results of resonant x-ray diffraction and its azimuthal
angle dependence [20] also support this assignment.
Other A-site ordered materials with the ionic radius of
Ln smaller than that of Sm have the same CO/OO pattern
as Sm1=2Ba1=2MnO3, and TCO is raised with the decrease

FIG. 2 (color). Electronic phase diagrams for the A-site or-
dered (black line and symbols) and disordered (red line and
symbols; the region shaded in red) perovskites with half
doping Ln1=2Ba1=2MnO3, as a function of the ionic radius of
Ln. CO/OO, FM, and SG stand for the charge/orbital ordered,
ferromagnetic, and spin-glass states, respectively. TCO, TC, and
TSG represent the respective transition temperatures. The data
for the mixed crystal compounds with Ln " #Nd; Sm$ and (La,
Nd), both Ln=Ba ordered and disordered, are also shown.

FIG. 1 (color). Schematic structures of half-doped perov-
skite, Ln1=2Ba1=2MnO3, viewed along the b axis: (a) the
A-site ordered perovskite with the alternate stack of LnO and
BaO layers along the c axis, and (b) the A-site disordered
(solid-solution) perovskite with cubic structure. The lattice
images obtained by high resolution transmission electron mi-
croscopy (HRTEM) at room temperature are shown for (c) the
A-site ordered and (d) disordered Sm1=2Ba1=2MnO3. The [001]-
zone electron-diffraction pattern of (e) the A-site ordered and
(f) disordered Sm1=2Ba1=2MnO3 at room temperature. The
superlattice reflections with a modulation wave vector (1=4,
1=4, 0) are clearly observed in the ordered material, proving
the presence of the charge/orbital ordered phase. These super-
lattice reflections disappear above 380 K. For the disordered
material, no superlattice reflection is observed down to low
temperature, indicating no long-range charge/orbital order.
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material. This A-site ordering is due to the large differ-
ence in the ionic radii of Ln3! and Ba2! and reminiscent
of the structure of well-known 123-type high-
temperature superconductors, LnBa2Cu3O7. The respec-
tive MnO2 sheets in this A-site ordered tetragonal form
are free from random potential which would otherwise
arise from the Coulomb potential and/or local strain via
the random Ln3!=Ba2! A sites. By contrast, the melt-
grown sample with the same A-site composition shows
the complete solid solution of Ln and Ba ions on the A
sites with a simple cubic form as the average structure.
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effect of A-site disorder near the bicritical region of the
manganites.
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orthorhombic with those of a " 3:914 !A, b " 3:882 !A,
and c " 7:692 !A at 380 K. The lattice-structural change is
clearly ascribed to the onset of the charge/orbital order
[14–17]. Figure 1(e) shows the electron diffraction pro-
jected on the [001] zone in the tetragonal setting, in which
distinct superlattice spots (1=4, 1=4, 0) arising from the
diagonal orbital/charge stripes on the Mn square lattice
are discerned. The suggested orbital/charge ordering pat-
tern [15,16] is identical in the ab plane with that of the
conventional disordered manganites [18,19], but differs in
its stacking pattern (AABB type) along the c axis. Recent
results of resonant x-ray diffraction and its azimuthal
angle dependence [20] also support this assignment.
Other A-site ordered materials with the ionic radius of
Ln smaller than that of Sm have the same CO/OO pattern
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FIG. 2 (color). Electronic phase diagrams for the A-site or-
dered (black line and symbols) and disordered (red line and
symbols; the region shaded in red) perovskites with half
doping Ln1=2Ba1=2MnO3, as a function of the ionic radius of
Ln. CO/OO, FM, and SG stand for the charge/orbital ordered,
ferromagnetic, and spin-glass states, respectively. TCO, TC, and
TSG represent the respective transition temperatures. The data
for the mixed crystal compounds with Ln " #Nd; Sm$ and (La,
Nd), both Ln=Ba ordered and disordered, are also shown.

FIG. 1 (color). Schematic structures of half-doped perov-
skite, Ln1=2Ba1=2MnO3, viewed along the b axis: (a) the
A-site ordered perovskite with the alternate stack of LnO and
BaO layers along the c axis, and (b) the A-site disordered
(solid-solution) perovskite with cubic structure. The lattice
images obtained by high resolution transmission electron mi-
croscopy (HRTEM) at room temperature are shown for (c) the
A-site ordered and (d) disordered Sm1=2Ba1=2MnO3. The [001]-
zone electron-diffraction pattern of (e) the A-site ordered and
(f) disordered Sm1=2Ba1=2MnO3 at room temperature. The
superlattice reflections with a modulation wave vector (1=4,
1=4, 0) are clearly observed in the ordered material, proving
the presence of the charge/orbital ordered phase. These super-
lattice reflections disappear above 380 K. For the disordered
material, no superlattice reflection is observed down to low
temperature, indicating no long-range charge/orbital order.
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of ionic radius of Ln, as shown in Fig. 2. The magnetiza-
tion peak around 250 K !" TN# corresponds to the anti-
ferromagnetic transition [16].

On the other hand, the resistivity of the A-site disor-
dered Sm1=2Ba1=2MnO3 shows no distinct anomaly, and
the magnetization behavior, such as a difference in field
cooling and zero-field cooling [Fig. 3(b)] and the fre-
quency dependence of the ac susceptibility [the inset to
Fig. 3(b)], indicate the presence of the spin-glass-like
state below 50 K. In accord with this, no superlattice
diffraction spot is discerned by the TEM observation
[Fig. 1(f)]. These results suggest that the random potential
originating in the A-site disorder totally suppresses the
long-range order in the charge and orbital sectors to give
rise to the spin-glass state at a lower temperature. The
glass state appears below 50 K also in other A-site dis-
ordered compounds with Ln " Eu–Dy (Fig. 2).

The magnetic and transport properties of
Nd1=2Ba1=2MnO3 are shown in Fig. 4. In the A-site or-

dered Nd1=2Ba1=2MnO3, the magnetic transitions can be
seen around 300 and 270 K. The steep onset of the
magnetization around 300 K may indicate the onset of
the FM state or the strong FM fluctuation. Around 270 K,
the magnetization and resistivity simultaneously show a
steep change. Powder neutron diffraction experiments
[21] proved that the magnetization anomaly at 270 K is
due to the onset of the A-type antiferromagnetic (AFM)
state. The ab plane is FM associated with the ordering of
dx2$y2 orbitals and stacks antiferromagnetically along the
c axis. The A-type AFM phase adjacent to the FM state is
well known for the nearly half-doped manganites [22]. To
seek for the origin of the abrupt phase change between
the Ln " Sm (Fig. 3) and Ln " Nd (Fig. 4) compound, we
further investigated the physical properties of the
Ln=Ba-site ordered and the Ln-site mixed-crystal system
!Sm1$yNdy#1=2Ba1=2MnO3. We found that in the clean
limit the two ordered states, i.e., the CO/OO and FM
states, appear to meet at around Ln " Nd (y " 1). Thus,
the ordered Nd1=2Ba1=2MnO3 is close to the multicritical
point where the three ordered states, i.e., FM, A-type
AFM, and CO/OO states, compete with each other. TC

FIG. 4. Temperature dependence of magnetization and re-
sistivity for (a) the A-site ordered and (b) disordered
Nd1=2Ba1=2MnO3. No significant difference is seen between
ZFC and FC measurements in both systems. The A-site disor-
dered material shows the typical CMR behavior around TC.
Note the logarithmic scale on the ordinate for the resistivity.

FIG. 3. Temperature dependence of magnetization and re-
sistivity for (a) the A-site ordered and (b) disordered
Sm1=2Ba1=2MnO3. The inset of (b) indicates the frequency
dependence of the ac susceptibility (!ac). ZFC and FC repre-
sent the zero-field-cooling and field-cooling processes, respec-
tively. No significant difference is observed between ZFC
and FC measurements in the ordered system. The magnetization
and resistivity of the ordered material shows an abrupt change
at around 380 K, above which the superlattice reflections
[Fig. 1(e)] disappear.
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Our Strategy...

complexity - itinerant electrons, Hund’s 
coupling, degenerate orbitals, Jahn-Teller 
distortion, strain, etc.

On top of those, there must be disorder: 
too much to begin with...

We restart from a minimal model with 
disorder to examine how far we can reach 
and what is beyond.



DE model with Disorder

H = −t
∑
〈ij〉σ

(c†iσcjσ + H.c.) − JH

∑
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∑
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→ −
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• single band

• strong Hund’s-rule coupling

• classical localized spins

• on-site potential disorder

We will add breathing-type phonons to describe 
phase competitions later.



Curie Temperature TC



Monte Carlo Simulation

truncated polynomial expansion Monte Carlo 
(Motome and Furukawa, 1999, 2001, 2004)

• Chebyshev polynomial expansion for DOS

• Order N algorithm (cpu time ∝ system size N)

• easy to implement parallel computation

system size conventonal MC: O(N4) t-PEMC: O(N)

8x8x8 2.5 years 2.4 days

12x12x12 300 years 8 days

16x16x16 9500 years 21 days

CPU time for 10000 MC steps on AthlonTM MP 1500+ (NPE=1)



How does it work?
in the clean limit (without disorder)
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How does it work?
dirty case (with disorder)

binary disorder  εi=±Δ Heisenberg univ. class
(disorder is irrelevant)

0.0

0.2

0.4

0.6

0.8

0.008 0.012 0.016 0.020

0.0
0.1
0.2
0.3
0.4

Δ

magnetization

T/W
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.00 0.01 0.02 0.03

T=0.008
T=0.009
T=0.01
T=0.011
T=0.012

T=0.013

T=0.014

T=0.015
T=0.0155
T=0.016
T=0.0165
T=0.017
T=0.0175

S(0)/N

1/N
2/3

Δ=0.2W

x=0.3



Suppression of TC by Disorder

• reduction of TC scales to Δ2

• 30% reduction is achieved 
at Δ~0.4-0.5W, which 
corresponds to ~0.5eV
c.f. Pickett and Singh, 1997

• drawback: transition is 
always continuous
✓ phonons?

ΔTC ~ Δ2
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Spin Excitation Spectrum



Holstein-Primakoff transformation

in the lowest-order of 1/S expansion:

spin excitation spectrum is obtained by 
eigenvalues/vectors of the spin-wave Hamiltonian

Spin-wave Approximation

Sz
i = S − a†

iai, Sx
i =

√
S/2(a†

i + ai), Sy
i =

√
S/2(a†

i − ai)

〈t̃ij c̃†i c̃j + t̃jic̃
†
j c̃i〉 → 2SJij(a†

iaj + a†
jai − a†

iai − a†
jaj)

Jij = t̃ij〈c̃†i c̃j〉/4S2 effective exchange interaction
induced by itinerant electrons

equivalent to the spin-wave Hamiltonian for Heisenberg model

A(!q,ω) =
∑

l

∣∣〈q|l〉∣∣2δ(ω − ωl) Hsw|l〉 = ωl|l〉



Spin Excitation Spectrum:
Disorder Strength Dependence

disorder induces broadening, branching, softening, ...

P!x" = 1

2 #!!"" + !!! ""$ , !38"

namely, x= +" or !" in the equal probability. The second

one is the Gaussian distribution in the form

P!x" =
1

%2#"
exp&! x2

2"2
' . !39"

The last one is the box distribution in the form

P!x" =
1

2p
$!x + p"#1 !$!x ! p"$ , !40"

where p=%3" and $!x" is the Heaviside step function. The
normalizations are taken to give the same second moment as

(x2P!x"dx="2.
In the following calculations, we consider the hypercubic

lattice in d dimensions, and we take the half-bandwidth W

=zt=2dt for JH="=0 as an energy unit. We change the
value of " as a parameter typically up to 0.5W. It is difficult

to determine the realistic value of " in low TC manganites. A

rough estimate has been given by the first principle calcula-

tion, which shows that " becomes the same order of magni-

tude of the half-bandwidth W.41

C. Anomaly in spin excitation spectrum

1. Dependence on strength and type of disorder

We first show the change of the spin excitation spectrum

by controlling the strength of the disorder in Fig. 1. Here, we

fix the doping concentration at x=0.3, where the hole density

x is defined as x=1! )*ici
†ci /N+ !we drop the spin index

because the ground state is perfectly polarized". Numerical
calculations are performed for N=20%20%20 site clusters
under the periodic boundary conditions. We have examined

the finite-size effect by comparing with the results for N=8

%8%8 and 16%16%16, and concluded that N=20%20
%20 is large enough for the following discussions. The re-
sults are for the on-site disorder whose distribution is given

by the binary form of Eq. !38". The spectrum is obtained by

the random average of A!q ,&" in Eq. !10" over 16 different
realizations of random configurations for each value of ".
We have also checked the necessary number of random con-

figurations, and found that 16 configurations are enough for

N=20%20%20 systems. The number of configurations ap-
pears to be small, but we note that there is the self-averaging

effect and the necessary number becomes smaller for larger

systems. The gray-scale contrast in the figures shows the

intensity of the spectrum.

In the case of "=0, i.e., in the absence of the disorder, the
spin excitation spectrum is given by a cosine dispersion as

shown in Fig. 1!a". When we switch on the disorder, the
excitation shows a finite linewidth which becomes large as "
increases. Moreover, as clearly seen in Figs. 1!c" and 1!d",
the spectrum shows some anomalies in the large q region.

There, we have additional broadening as well as branching,

which is, an emergence of an additional branch which has

significantly lower energy than the original cosinelike exci-

tation. For large values of ", the lower branch has a substan-
tial weight as shown in Fig. 1!d". If one follows only the

lower branch, the spectrum appears to show softening near

the zone boundary.

These anomalous features are commonly observed irre-

spective of the distribution form of the disorder. Figure 2

shows the results for different distribution functions; !a" is
for the Gaussian distribution of Eq. !39" and !b" is for the
box distribution of Eq. !40". In both cases, we can see similar
anomalous features to those in Fig. 1 although the lower

branch is slightly obscure !seen as dark bands around &
,0.06" compared to the results in Fig. 1.
We also examine the case of the bond disorder in Fig. 3.

Here, we consider the binary distribution !38" for !t. In this

FIG. 1. Spin excitation spectra at x=0.3 in the presence of the

on-site disorder in the binary distribution with !a" "=0, !b" "
=0.1, !c" "=0.2, and !d" "=0.3, respectively.
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Origin of Anomalies:
Friedel Oscillation in Half-metal

features of spin-excitation anomalies:

• robust against various types of disorder
• more apparent in lower dimensions
• correlation with Fermi wave number

Friedel oscillation in half-metallic systems

disorder 2kF charge oscillations
Friedel oscillation

2kF spin oscillations

half metal

scattering of magnons
anti-crossing at kF

2kF



Comparison with Experiments
4 J. Phys. Soc. Jpn. Full Paper N. Furukawa and Y. Motome

(0, 0, k) (k, k, 0) (k, k, k)
π0 π0 π0

Fig. 4. Spin excitation spectrum obtained by the linear spinwave
approximation for the DE model with the quenched disorder.
The gray scale shows the intensity of the spectrum. The dashed
curve is the cosine dispersion in the absence of the disorder.
Arrows indicate the Fermi wave number kF.

reduction of TC mentioned in Sec. 2.2 by taking into
account the strength of disorder estimated by the first-
principle calculation (Sec. 3.2).

3.5 Spin excitation anomalies
The authors pointed out that the spin excitation

anomalies described in Sec. 2.3 can be explained by the
DE model with the quenched disorder.20–22 The disorder
induces broadening, branching (softening of the lower
branch), and gap-opening at around the Fermi wave
number kF of the itinerant electrons. A typical result
is shown in Fig. 4. The origin of the anomalies is the
Friedel oscillation: The itinerant electrons tend to screen
the quenched disorder, which induces the 2kF charge den-
sity oscillation. This charge density oscillation is equiva-
lent to the spin density oscillation because the system is
in the half metallic state, i.e., the perfectly spin-polarized
state. Thus, the nonmagnetic disorder couples with the
magnetic excitation, and induces the anomalies at kF.
This novel effect has been recently confirmed in pertur-
bative approaches.47,48

Although the disorder scenario appears to give a com-
prehensive understanding of the various properties of
CMR manganites, several other mechanisms have also
been proposed for the spin excitation anomalies, for in-
stance, antiferromagnetic superexchange interactions be-
tween the localized spins,49 orbital degree of freedom in
the eg bands,50 the electron-lattice coupling,51 and the
electron-electron correlation.52–54 The microscopic origin
is still controversial among these scenarios. Further ex-
periments are desired to settle this controversy.

3.6 Competing phases and disorder-induced insulator-
to-metal transition

The multicritical behavior in the A-site order/disorder
manganites (Sec. 2.4) has also been studied theoreti-
cally by explicitly taking account of the quenched disor-
der.55–57 Here, to describe the competition between the

ferromagnetic metal and the CO insulator, an extended
DE model has been studied by incorporating the coupling
to lattice distortions. MC calculation has been applied to
include large fluctuation effects in this competing disor-
dered system.

MC results well reproduce the asymmetric response of
the phase diagram to the quenched disorder. The fer-
romagnetic metallic phase remains robust though TC

is reduced. On the contrary, the CO phase is surpris-
ingly fragile against the disorder. As a consequence, the
multicritical point shifts to the CO regime and strongly
suppressed down to a lower temperature. Numerical re-
sults also reproduce the disorder-induced insulator-to-
metal transition as observed in experiments.55,57 In this
regime, it is clarified that the CO fluctuation, i.e., a rem-
nant of the long-range CO which is destroyed by the dis-
order is enhanced toward TC as temperature decreases
as observed in experiments.55 This leads to insulating
behavior of the resistivity, which is a key aspect for the
typical CMR effect.

These results reveal that the quenched disorder plays
a crucial role to induce the CMR in the phase competing
regime. This gives a clue to enhance the CMR effect and
open a way of applications in future.

4. Discussion

One of the key issues concerning the CMR phenom-
ena in manganites is to clarify why insulating state ap-
pears at higher temperatures while metallic state exists
at lowest temperatures, as mentioned in Sec. 2.1. Exper-
imentally, charge localizations in manganites are closely
related to CO fluctuations in such a way that enhance-
ments of CO fluctuations above TC suddenly disappear
below TC.58,59 In order to investigate the mechanism of
the CMR phenomena, it is crucial to clarify why energet-
ically unstable charge localized states arise in the higher
temperature range.

Various theories based on polaron mechanisms claim
that localized polarons are formed above TC to gain en-
ergies through electron-lattice couplings, while polarons
are deformed to gain kinetic energies in the FM phase be-
low TC.60–62 These scenarios do not explain why a reen-
trant transition from CO fluctuating region to FM phase
appears in wide range of the phase diagrams where CMR
is observed.

In order to understand this phenomena, the authors
have proposed a scenario where the reentrant behaviors
are driven by the entropy gain due to the random pinning
potentials.63

Let us consider a system where the CO phase com-
petes with the FM phase. By adding quenched disorder,
phase of the CO order parameter couples with the local
pinning potentials. Since the pinning potentials are ran-
domly distributed, phase mismatches create the domain
structures. In other words, random pinning potentials
introduce frustrations to the phase of the CO order pa-
rameter. Effects of the frustration is i) a destruction of
the CO long range order, ii) an increase of the energy of
the CO state, and iii) an increase of the entropy of the
CO state.

At the same time, phase of the FM order parameter

VOLUME 80, NUMBER 6 P HY S I CA L REV I EW LE T T ER S 9 FEBRUARY 1998

FIG. 1. Magnon dispersions for !0, 0, j", !j, j, 0", and
!j, j, j" (where j ! 0.5 is the cubic zone boundary) at
T ! 10 and 265 K. The solid line is a fit to a nearest-neighbor
Hamiltonian for T ! 10 K and j , 0.2. The dashed line
is a fit for all data including up to fourth nearest neighbors
at T ! 10 K. The dotted line is the corresponding four
neighbor fit for T ! 265 K. Also shown in squares are data
for La0.7Pb0.3MnO3 at 10 K (from Ref. [10]).

especially near the zone boundary saddle point, where sig-

nificant resolution-induced shifts could occur. Our calcu-

lations place an upper bound of 0.5 meV for the shift in

the peak position due to resolution effects. Another pos-

sible source of misinterpretation is that the broad peak at

!0, 0, 1.4" at 265 K is actually a composite of phonon as

well as magnon peaks. This was ruled out by measuring

the same point in the next zone, which showed the same

line shape, down in intensity by the magnetic form factor.

Focusing first on the low temperature dispersion, a

new feature we have observed is the significant soften-

ing at the zone boundary, seen in all directions. The

Heisenberg spin Hamiltonian, H ! 2
P

ij JijSi ? Sj,

couples the spins at site Ri and Rj by Jij . In the

linear approximation, the spin wave dispersion relation

is given by h̄v!q" ! D 1 2S#J!0" 2 J!q"$, where

J!q" !
P

j Jij exp#iq ? !Ri 2 Rj"$. D allows for small

anisotropies. The solid line in Fig. 1 is the outcome of

a fit for only nearest-neighbor interactions for j , 0.2
(the cubic zone boundary occurs at j ! 0.5), resulting
in D ! 1.3 6 0.3 meV and 2SJ1 ! 8.2 6 0.5 meV.
Although this describes the data for j , 0.2, the zone
boundary magnons are missed by 15–30 meV. By

comparison, the magnon dispersion in La0.7Pb0.3MnO3
(TC ! 355 K) was found to be well described by only
nearest-neighbor interactions of similar strength [10].

The dashed lines in Fig. 1 are a fit to the full data

set including up to fourth neighbor interactions, result-

ing in D ! 0.2 6 0.3 meV, 2SJ1 ! 5.58 6 0.07 meV,
2SJ2 ! 20.36 6 0.04 meV, 2SJ3 ! 0.36 6 0.04 meV,
and 2SJ4 ! 1.48 6 0.10 meV. This accurately follows

the dispersion except near the #0, 0, 1$ zone boundary,

FIG. 2. Constant-q scans at two different wave vectors with
the left panel close to the zone center and the right panel
close to the zone boundary. There is a dispersionless crystal
electric field (CEF) level at %12 meV from Pr (shown as dash-
dot line). The solid circles are a constant-q scan of the CEF
level at !0, 0, 1", the zone center. At 265 K, the intensity of
the CEF level drops to undetectable levels and has therefore
been ignored in the data analysis at this temperature. The
T ! 315 K data have been fitted with a simple Lorentzian line
shape (including a Gaussian). The other data have been fitted
to a damped harmonic oscillator, including 4D convolution of
the instrumental resolution as described in the text. The dashed
line is the instrumental response to spin waves with infinite
lifetimes and the dispersion shown in Fig. 1.

which requires the next Fourier term in this direction,

corresponding to J8. Nevertheless, the fourth nearest-

neighbor fit quantifies the remarkable result that addi-

tional extremely long range ferromagnetic couplings are

required. Although J2 and J3 were necessary to fit the

data, the more important correction to nearest-neighbor

coupling is J4. The long range and nonmonotonic behav-

ior of J!q" required by the data seems to rule out a simple
Heisenberg Hamiltonian.

On warming, the dispersion relation uniformly softens,

as can be seen in Figs. 1 and 2 for the #0, 0, 1$ branch
at 265 K. At j ! 0.14, near the zone center, the

magnon peak shows no substantial changes other than

decreasing to lower energy as temperature is increased.

In addition, it is resolution limited at both 10 and

265 K. Just above TC , at 315 K, there is no evidence

for the magnon peak as expected for the long-wavelength

excitations. As the Brillouin zone is traversed (Fig. 3),

magnon lifetime effects become apparent. In particular,

on approaching the zone boundary at j ! 0.5, the 10 K
linewidth is substantially larger than the experimental

resolution width. On warming to 265 K, the deconvolved

1317

Fig. 20!. In spite of the disappearance of the antiferromag-
netic coupling, the similarity with x!0.125 in the dynamic
susceptibility implies the persistence of some feature, related

to the vicinity of the canted state. In the canted state, we have

outlined the tight connection between the dynamic suscepti-

bility of the low-energy spin-wave branch and the static cor-

relations defining the ferromagnetic clusters, attributed to a

charge segregation. At x"0.125, this persisting spin dynamic
feature may reflect a persisting charge segregation along

"001#. The gap value and the stiffness constant determined
from a fit $"$0#Dq2 are reported in Figs. 14 and 17,

respectively.

Along "110#, $(q) can be measured up to the ferromag-
netic zone boundary %1.5,1.5,0! as shown in Fig. 21. The
dispersion differs from that observed at x!0.125 especially
at small q where only a spin-wave dispersion with a small

gap value is detected, within the experimental accuracy %see
comparison with x"0.1 in Fig. 21!. This strong change at
small q suggests that, unlike the "001# direction, ferromag-
netic platelets have percolated within the ferromagnetic lay-

ers, in agreement with the observation of a strongly increas-

ing intensity in diffuse scattering at very small q "Fig. 10%b!#.
The whole dispersion cannot be fitted by a Heisenberg model

with first-neighbor couplings only or a single cosine law,

unlike the case of the high-energy branch at lower concen-

trations. Instead it exhibits an ‘‘S’’ shape, suggesting two

different behaviors depending on the lower or larger q ranges

considered. In addition, an anomaly appears at half the zone

boundary q0"(1.25,1.25,0) as seen in Fig. 21. This anomaly
can be understood as a small splitting in the dispersion as

suggested from the energy linewidth of these magnetic exci-

tations, displayed in Fig. 22, where a discontinuity is ob-

served at this q0 value.

We mention that a similar anomaly has been reported in

La0.85Sr.15MnO3,
23 at the same q0 value, indexed as %0,0,2.5!,

however, and related to the occurence of the new periodicity

indicated by the odd-integer superlattice peaks (0,0,2l#1).
However, the present observations are thought to be related

to the "110# direction only, instead of "001#, so that it cannot
be explained by these superlattice peaks. Additional excita-

tions have been also observed at higher energy. This new

feature is discussed below for x"0.2, where these excita-
tions are more easily detected.

For q!q0, a quadratic law for $(q) determines a stiff-
ness constant with a much larger value than along "001#,out-
lining the anisotropic character of the ferromagnetic coupling

at this critical concentration.

2. La0.8Ca0.2MnO3

At x"0.2, where the transition TOO! occurs very close to
TC %cf. Fig. 1!, the orthorhombicity is too small for the %110!

FIG. 22. q dependence of the magnon energy linewidth or

damping along "110# for x"0.125.

FIG. 23. Spin-wave dispersions determined at x"0.2 for q
along the "110# or "001# directions using the orthorhombic unit cell
%edge of the small perovskite cube!. The continuous line is a guide
for the eye. The splitting into two modes at q0"(0,0,2.5) is sug-
gested by the jump in the energy linewidth at this q value, reported

in Fig. 21.

FIG. 24. Energy spectra measured at x"0.2 along "110# or
"001#, showing two modes for each q value. The dashed lines cor-
respond to a fit with two Lorentzian functions convoluted with the

spectrometer resolution.

APPROACH TO THE METAL-INSULATOR TRANSITION . . . PHYSICAL REVIEW B 64 104421

104421-11

Hwang et al. 1998

Biotteau et al. 2001

disorder strength becomes relatively large compared to the

kinetic energy of electrons which decreases as x. Moreover,

we note that the positions of the anomalies appear to shift as

x.

In order to observe the x dependence more clearly, we

study the 1D systems under the same conditions. Figure 6

shows the results. As indicated in the figures, the position of

the anomalous features clearly shift as the change of x, and is

around the Fermi wave number kF which is given by !!1
!x" in this 1D case !kF is for the spinless fermion in the
perfectly polarized ground state". We note also that the rela-
tively weak anomalies can be observed additionally at q

#!!kF, 2kF, 2!!!kF", and so on. These indicate that the
anomalies are closely related to the fermionic degree of free-

dom. This observation provides a key to understand the ori-

gin of the anomalies.

D. Origin of the anomaly

1. Friedel oscillation

We summarize the aspects of the anomalies of the spin

excitation spectrum which are observed in the previous sec-

tion. !i" There appear additional broadening, branching, an-
ticrossing with gap opening, and shadow band. !ii" These
anomalous features are observed universally for different

types of the disorder, spatial dimensions, and doping concen-

FIG. 5. Spin excitation spectra in three dimensions at !a" x

=0.5, !b" x=0.4, and !c" x=0.2, respectively. The result at x=0.3 is
shown in Fig. 1!c". The results are for the on-site disorder in the
binary distribution with "=0.2.

FIG. 6. Spin excitation spectra in one dimension at !a" x=0.5,
!b" x=0.4, !c" x=0.3, and !d" x=0.2, respectively. The results are
for the on-site disorder in the binary distribution with "=0.2. The
dashed lines represent the Fermi wave number at each x.
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other theoretical proposals: super-exchange interactions between localized spins 
(Solovyev and Terakura 1999), orbital fluctuations (Khaliullin and Lilian, 2000), electron-
phonon coupling (Furukawa, 1999), electron-electron correlations (Kaplan and Mahanti, 
1997; Golosov, 2000; Shannon and Chubukov, 2002)



Extension to Droplet States
(... in progress)

in collaboration with T. Ziman, O. Cepas (ILL) and G. Bouzerar (CNRS)

modes (0) and (2) as q varies. Along !110"#!101"#!011",
the entanglement between magnon and phonon branches
(see dashed lines in Fig. 3, left panel) led us to use po-
larized neutrons (PN) which allow one to identify magnons
and phonons . Several levels have been determined, more
or less dispersive. Dispersion could have been induced by
the applied magnetic field (H $ 2 T) which aligns macro-
scopic domains. Excitations at energy larger than 35 meV
could not be detected because of a too weak intensity. By
lowering temperature, the energy levels slightly increase.

These overall observations can be explained as follows.
Unlike La0:83Ca0:17MnO3, where the confined spin waves
have been assigned to the (a;b) plane only (2D character),
for x $ 0:2, the isotropy of the small-q dispersion suggests

that all directions are concerned. The levels are attributed
to standing spin waves inside 3D clusters. Let us use the
energy of the propagating wave for a 3D Heisenberg model
(see dotted line in Fig. 1, upper right panel):
E%qx;qy;qz&$8SfJa;b!1'0:5!cos%2!qx&#cos%2!qy&""#

Jc=2!1'cos%2!qz&"g, where qx; qy; qz are related to the
a;b; c directions. This expression yields relations between
Ja;b, Jc and the zone boundary energies EB: E!100"

B $
E!010"
B $ 8SJa;b, E!001"

B $ 8SJc, E!110"
B $ 2E!100"

B , E!101"
B $

E!011"
B $ E!100"

B # E!001"
B , and E!111"

B $ 2E!100"
B # E!001"

B .
These latter relations are also valid for finite-size clusters.
According to predictions [11], the cluster’s size " is related
to the level with the lowest-energy value EL. In the case of
small clusters, it corresponds to a ‘‘half wave’’ or a half
period of wave. For the confined wave of energy EB, for
which the nearest neighbor spins fluctuate in phase oppo-
sition, a half period corresponds to one lattice spacing.
Therefore, one expects that EB is a multiple of EL. The
number of lattice spacings defining the size may be pro-
vided by the ratio EB=EL. For a size of two lattice spacings
along [100], one expects two levels, with values at EL $
EB=2 and EB, corresponding to confined half wave and
full wave, respectively. Along the other directions, if the
cluster is isotropic or nearly cubic, one expects the same
number of levels with the same ratio between the energies,
the energy values being deduced from the above relations.
We show now that the observations support this assump-
tion. In Fig. 1, right panel, level (1), E!100"

B ( 18 meV,
which defines the energy of the first neighbor coupling
along [100], and level (2) at half this value, are assigned,
respectively, to the full wave and half wave, standing along
[100] (or [010] equivalent) confined in a cluster with two
lattice spacings (" $ 8 !A). In the same way, level (2) at
(9 meV and level (3) at half this value ((4:5 meV) are,
respectively, assigned to the full and half wave along c or
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FIG. 3. Magnetic (mg) excitations for q along !110" # !101" #
!011" (left panel) and [111] (right panel) at T $ 150 K, mea-
sured with unpolarized (circles) and half-polarized (triangles)
neutrons. Solid (open) symbols refer to modes with main (weak)
intensity. The hatched areas correspond to calculated levels (see
the text). Dashed lines are guides to the eyes for phonon
branches measured at the same temperature. (PN, polarized
neutrons.)
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[001]. Level (2) corresponds therefore to 1=2E!100"
B and

E!001"
B values, superimposed because of twinning. From the

E!100"
B and E!001"

B values, Ja;b (1:12# 0:1 meV) and Jc
(0:56# 0:05 meV) are determined. Within the assumption
of isotropic or nearly cubic shape, two levels at EB and
EB=2 are also determined along the other symmetry direc-
tions. Because of the experimental uncertainty, they are
shown by the hatched area instead of narrow lines in Fig. 3.
In the left panel, the sets $1%; $2% and $3%; $4% belong,
respectively, to [110] and !101" & !011" directions, inequi-
valent, weighted by 1=3 and 2=3. The agreement with
experimental values is good. It supports the proposed
assignation of the levels and the assumption of isotropic
shape for the clusters. In the same way, for x ' 0:17, Ja;b
may be determined from E!100"

B (or E!110"
B ' 2E!100"

B ) and Jc,
from the difference between E!111"

B and E!110"
B . These values

are reported in Fig. 5, upper panel, with those obtained at
x ' 0:2. The small value of Jc is consistent with the 2D
character found for the confined spin waves for this x '
0:17 compound.

The existence of clusters with a typical size indicates
that the magnetic characteristics differ inside from outside
the cluster. This implies a change of the charge density on
the cluster’s scale. The nature, ‘‘hole poor,’’ suggested by
the anisotropy of the coupling constants determined above,
is supported by a comparison with observations at lower
doping. In Fig. 5, upper panel, the values Ja;b and Jc,
determined at 150 K from the q-independent levels, are
reported with the J values obtained at 10 K from the spin-

wave branch of SE type observed in the low doping and
undoped compounds [5]. Besides a small temperature ef-
fect (12% in the 10–150 K range), the variation of Ja;b$x%
and Jc$x% is monotonous across the CAFM/FM boundary
(Jc ' 0 at x ' 0:125), showing a tendency to become
isotropic at x ' 0:225 (metallic state). This variation im-
plies a common origin for the coupling on the FM and
CAFM sides, of SE type, characteristic of an orbital-
ordered state with a roughly linear effect of the doping.
This variation is close to theoretical predictions [12]. As in
LaMnO3 or in the CAFM state, this SE coupling is attrib-
uted to hole-poor or without holes regions. Therefore, the
cluster could consist of one Mn3& with its first Mn3&
neighbors, the mobile holes being confined at their bounda-
ries. The small-q dispersion (0), which determines TC,
could be attributed to a coupling induced by mobile holes
through the clusters. These clusters differ from those found
in the CAFM state where the hole-poor region corresponds
to the matrix and the clusters, described as ‘‘hole-rich’’
platelets [4]. The general evolution with x in direct space is
schematically shown in Fig. 5. Finally, a comparison with
other techniques [7,8] allows one to estimate the lifetime
! of these clusters for x ' 0:2, 10(6 < !< 10(9 s, very
large for the neutron probe.

In conclusion, this study reports a quantitative descrip-
tion of the precursor state of the metallic phase which
occurs for x ) 0:225. An evolution of the shape and the
size of clusters with x is proposed, thanks to the existence
of confined spin waves which are observed for the first time
in small FM clusters. Very interestingly, these magnetic
clusters have features (size and shape isotropy) very simi-
lar to those observed at larger x in CMR compounds
around TC [2]. The present observations could be therefore
crucial for the understanding of the CMR properties.

The authors are very indebted to L. P. Regnault and
J. Kulda for their help with experiments with field
and polarized neutrons and to N. Shannon, T. Ziman,
D. Khomskii, and A. M. Oleś for helpful discussions.
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FIG. 5. Upper panel: Variation of the magnetic coupling values
Ja;b (solid symbols) and Jc (open symbols) with x at 10 K
(circles) and 150 K (squares). Lower panel: Schematic drawing
showing hole-rich (open) and hole-poor (hatched) media.
Increasing x from left to right, it shows 2D FM hole-rich spin
clusters, 2D FM hole-poor spin clusters, and isotropic 3D hole-
poor spin clusters. A half (dashed line) and a full (solid line)
standing wave are shown inside a cluster.
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Competing Phases



minimal model to describe the phase competition 
between FM and COI

Monte Carlo simulation for thermodynamics

• distinguish: long-range order vs short-range correlation

FM vs COI Model

double-exchange
FM

elastic energy
(classical)

quenched disorder
(on-site randomness)

2D, <n>=0.5, JH=∞, Si: Ising spin, λ=0.1, εi=±Δ

electron-phonon coupling
(breathing mode)
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Asymmetric Change of
Phase Diagram

• COI is fragile against 
the disorder while FM 
is robust

• The multicritical point 
shifts to enlarge FM 
region

• disorder-induced 
insulator-to-metal 
transition
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Disorder-Induced 
Insulator-to-Metal Transition
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Contrastive Effects of Disorder 

• Disorder makes the system metallic below TC 
but insulating above TC

Δ=0.0
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pinning to commensurate CO

• antiphase boundaries kill LRO

domain walls: extra entropy

Role of Disorder
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CO short-range
correlation

 
insulating state

with charge
pseudo gap

CO LRO is  
never stabilized

FM overtakes
in the energy 
competition

re-entrant behavior from high-T insulating to low-T metallic state



Origin of CMR ?

• Re-entrant behavior 
gives a good motive to 
cause the enhanced CMR

• direct (numerical) 
confirmation is needed

• extention to more 
realistic models including 
orbitals, Jahn-Teller, etc.
✓ pinning to orbital order/

cooperative Jahn-Teller

ρ

T

Δ=0

TCO

TC

Δ>0



Summary

Monte Carlo study of TC

• rapid decrease of TC by introducing disorder

spin excitation anomalies

• Friedel oscillation in half-metallic systems

phase competition between FM and COI

• disorder-induced insulator-to-metal transition 
and CMR


