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• CMR vs. GMR



• Applying a magnetic field 
to a material results in a 
significant decrease in its 
resistivity

• Sample is ferromagnetic 
at low temperatures

• Metal-insulator transition 
at the curie temperature

What is colossal 
magnetoresistance?

P. Schiffer et al., PRL 75, 3336 (1995)

CMR in
La0.75Ca0.25MnO3



Manganese 3d shell
• Each Mn atom has a 

magnetic moment

• The eg electron can 
easily hop between 
two atoms with the 
same magnetization 
direction

• For this interaction to 
dominate, we need 
sufficient populations 
of Mn3+ and Mn4+ 
atoms

• Is this the whole story?
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Early Experiments: 
Neutron Scattering

“The inner cryostat and sample 
assembly are held in accurate 
alignment with the beam and the 
pole pieces by three nylon cords 
held taut by banjo type string 
tighteners anchored to a brass 
box.”
E. O. Wollan and W. C. Koehler, 
Phys. Rev. 100, 545 (1955)



The undoped cases: 
antiferromagnetic

E. O. Wollan and W. C. Koehler, Phys. Rev. 100, 545 (1955)
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Mixed valence

S. Grenier et al., PRB 69, 134419 (2004), following
J. B. Goodenough et al., Phys. Rev. 100, 564 (1955)E. O. Wollan and W. C. Koehler, Phys. Rev. 100, 545 (1955)

!(3!)/!(4!)"1.1–1.2 #for instance in Nd0.5Sr0.5MnO3,
12

La0.5Ca0.5MnO3,
5 La0.5Sr1.5MnO4,

7 and Pr0.6Ca0.4MnO3
$Ref. 3%&. In addition, the observed magnetic structure is con-
sistent with expectations for this charge and orbitally ordered

structure based on the so-called Goodenough-Kanamori-

Anderson rules.13 Further consistency is found with recent

resonant x-ray scattering results which identified short-range

orbital correlations as the origin of the observed short-range

magnetic correlations on the Mn3! sublattice.5,14 Finally,

transport, optical, and NMR data have all been interpreted in

terms of this picture.1

Concerning the theory, several groups have argued as to

the dominant mechanism leading to the stability of the CE-

type phase, but the basic picture has not been

questioned.15–19 However, ab initio calculations predict a

noninteger mixed valence accompanying an orbitally ordered

CE-type phase in half-doped manganites. For

Pr0.5Ca0.5MnO3, Anisimov et al.
15 showed that two different

Mn eg configurations exist which have almost the same

charge density with different orbital configurations. The

COO is predicted to be of the checkerboard type, one site

having a (3x2"r2)-type symmetry, the other a

(x2"y2)-type symmetry. Using the local-spin-density ap-

proximation and including the intra-d-shell Coulomb inter-

action, the calculation was performed without the a priori

constraint of the CE-type pattern and the concomittant Jahn-

Teller distortions. A similar description based on density-

functional theory using the gradient approximation has also

recently been presented for half doped La0.5Ca0.5MnO3.
19 In

addition Brink et al.16 proposed that partial charge ordering

occurs due to the strong Coulomb repulsion on one site with

partly occupied x2"y2 and 3z2"r2 orbitals, whereas the

adjacent site is occupied either by the 3x2"r2 or 3y2"r2

orbitals.

Despite this body of evidence and the consistency of the

COO picture, the nature, the pattern, and even the existence

of the Mn valence organization have been recently ques-

tioned. In particular, a complete valence separation $i.e.,
Mn3!/Mn4!) appears to be inconsistent with high-resolution

x-ray-absorption near-edge structure $XANES% spectra.20

Manganites with and without COO show similar XANES

spectra which cannot be made up of the sum of the spectra

from the parent compounds that have integer valence of 3

! or 4! . These studies suggest that no, or only a small
charge disproportionation, either on the manganese atoms or

at a molecular scale, can be supported.20 More explicit is the

recent crystallographic structure refinement of Daoud-

Aladine et al.21 which was performed without the a priori

constraints of the mixed-valence pattern: the resulting struc-

ture is inconsistent with the CE-type model; it exhibits no

significant charge disproportionation and serves as a basis for

introducing a model based on so-called Zener polarons. Fi-

nally, the resonant x-ray scattering data have been criticized

on the grounds that they are mostly sensitive to the position

of the oxygen atoms and that it is possible that a purely

structural distortion could result in the same scattering

patterns.22 Thus, despite 50 years of experimental and theo-

retical effort, there remain some very basic questions that

remain to be answered in the half-doped manganites.

In this paper, we seek to address this issue by performing

resonant x-ray-diffraction $RXD% studies of Pr0.6Ca0.4MnO3,
which is believed to exhibit CE-type charge and orbital or-

der. As discussed below, this technique, when accompanied

by detailed analysis, is extremely sensitive to the environ-

ment of the resonant ion $in this case Mn% and thus the de-
tails of the electronic ordering. In particular we analyze the

RXD spectra from both above and below the structural phase

transition. Our main result from the low-temperature studies

is that inequivalent Mn atoms do in fact order in the CE-type

pattern. We argue that on one of the sites $‘‘3!’’% there is
indeed (3x2"r2/3y2"r2)-type ordering of the 3d eg orbit-

als. However, we find no evidence for a chemical shift of the

1s levels and interpret this as an absence of significant

charge disproportionation. Therefore on the basis of our data,

we suggest that the partial occupancy on the ‘‘4!’’ site is in
the (x2"y2)-type orbital. Finally, all our experimental obser-

vations rule out the crystallographic structure upon which the

Zener-polaron model was based. They are, however, consis-

tent with the XANES studies.

In Sec. II, we provide details of the sample and the reso-

nant x-ray experiments. In Sec. III, the spectra measured at

room temperature (T#T COO) and in the low temperature

phase (T COO#T#TN) are presented. The results are dis-

cussed in Sec. IV and analyzed with the aid of ab initio

calculations. We summarize our results in Sec. V.

II. MATERIAL AND EXPERIMENTAL METHODS

At room temperature Pr0.6Ca0.4MnO3 has the Pbnm

structure3 $see Fig. 2%. At low temperatures, Jirák et al.3 find
that the ground state is a CE-type antiferromagnet (TN
'170 K), exhibiting charge and orbital order (TCOO
'232 K). The magnetic structure consists of ferromagnetic
Mn zigzag chains coupled antiferromagnetically in the $a,b%
plane and stacked ferromagnetically along the c direction.

FIG. 1. Schematic of the CE-type charge, orbital, and magnetic

ordering as described by Goodenough in 1955 $Ref. 11%. The elon-
gated figure-eights represent the occupied eg (3x

2"r2)-type orbit-

als on the Mn3! sites, the closed circles represent the Mn4! sites.

The signs ! and " indicate the relative orientations of the spin.

The ferromagnetic zigzag chains are indicated by the dotted lines,

the rectangle indicates the low-temperature unit cell.

S. GRENIER et al. PHYSICAL REVIEW B 69, 134419 $2004%
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The plot thickens
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FIG. 1. (a), (b), and (c) are dark-field images obtained on cooling from a charge ordering superlattice reflection at temperatures
of 142, 124, and 95 K, respectively. As the temperature is lowered, the charge-ordered domains with bright contrast grow in size
at the expense of the ferromagnetic charge-disordered domains with dark contrast. The charge-ordered domain in (c) is nearly
commensurate as indicated by electron diffraction and residual discommensurations (wavy dark lines) with 70 nm spacing are
visible, which considerably darken the contrast of the domain.

simultaneously as the IC charge-ordered microdomains
grow at the expense of the FM charge-disordered domains.
On warming above TN (180 K), images similar to that
shown in Fig. 2(a) are also seen. From the dark-field im-
ages in the FM phase, it is now clear that the FM phase
of La0.5Ca0.5MnO3 is characterized by a fine mixture of
the two competing ground states, namely, the AF charge-
ordered and the FM charge-disordered microdomains. We
emphasize that the fine mixture of the two electronically
different phases at low temperatures is not due to chemical
composition inhomogeneities. Our samples are character-
ized to be chemically homogeneous by in situ electron mi-
croprobe analysis using x-ray fluorescence with a spatial
resolution of 20 nm.
In order to elucidate details of the IC charge order-

ing in the FM phase, high resolution lattice images were
first carefully investigated around 200 K. Figure 2(a) is
a high resolution lattice image along the �001� zone axis
obtained at 206 K on cooling. Electron diffraction study
shows that the charge ordering is incommensurate with
a wave vector of �1�2 2 ´, 0, 0� and incommensurability
´ � 0.085. The lattice fringes corresponding to a 5.5 Å
planar spacing are clearly resolved in Fig. 2(a). The most
striking feature in the image is the presence of the clusters
with an average size of �10 20 nm, in which quasiperi-
odic paired lattice fringes with a significant lattice con-
traction ��8%� can be seen clearly. Fourier transform
from these clusters shows incommensurate superlattice
peaks consistent with the electron diffraction results. The
clusters could be identified as the IC charge-ordered mi-
crodomains, which was seen as bright contrast speckles in
the dark-field image shown in Fig. 1(a). The paired lattice
fringes with enhanced dark contrast have been previously
ascribed to the Jahn-Teller distorted stripes (JTS) of the
Mn31O6 octahedra, and the characteristic pairing of JTS’s
with large lattice contractions have also been found to
be the fundamental building blocks in the charge-ordered
states of the manganites [9]. In addition, there are regions
of similar sizes in which only regular lattice fringes with
5.5 Å spacing can be seen, without the presence of any
quasiperiodic pairs JTS’s. We identify these regions as
the FM charge-disordered microdomains, which show up

as the dark speckles in Fig. 1(a). High resolution lattice
images are, therefore, totally consistent with the results of
dark-field images shown in Fig. 1(a).
Close examinations of the charge-ordered mi-

crodomains in Fig. 2(a), moreover, reveal that single
(unpaired) JTS occasionally exists between two paired
JTS’s, as indicated by an arrow in Fig. 2(a). The coex-
istence of unpaired and paired JTS’s is very interesting
since the pairing tendency of JTS’s is known to be very
strong as reported previously [9]. We first note that the
spacing between two unpaired JTS’s is about 30 Å on
average in this case, which coincides with that of discom-
mensurations estimated from the incommensurability of
´ � 0.085. This strongly suggests that unpaired JTS’s
should serve as discommensurations in the IC charge-
ordered microdomains. In order to learn more about the
unpaired JTS in the IC phase, we have cooled the sample
between 130 K to a NC charge ordered [7,8]. Figure 3
displays a high resolution lattice image obtained from
the NC phase at 95 K. It is clear that, in the NC phase,
most of the JTS’s are now paired with a 2a0 periodicity
and only very few unpaired JTS’s still remain. This is
consistent with the rapid decrease of incommensurability
from the IC phase to the NC (or CM) phase. One of the
remaining unpaired JTS’s is highlighted by an arrow in
the boxed area B as shown in Fig. 3. The appearance
of the unpaired JTS’s in the NC phase is very similar
to that observed in the IC phase as shown in Fig. 2(a),
and these are the residual discommensurations in the NC
phase at low temperatures. Another feature indicated in
the boxed area A can be identified as antiphase boundary
of the paired JTS’s where the pairing order of JTS’s is
completely out of phase across the antiphase boundary.
To clearly show the phase relationship of the paired JTS’s
on either side of the antiphase boundary, we show in
the inset of Fig. 3 intensity profiles from the immediate
regions separated by the antiphase boundary. The phase
relationship of the paired JTS across the antiphase bound-
ary is differed by p; i.e., they are shifted by 5.5 Å. We
note from Fig. 3 that the antiphase boundary is usually
quite short �30 40 Å in length and the paired JTS’s on
either side of the antiphase boundary eventually become

3973

White = charge ordered

Dagotto, Nanoscale Phase Separation and 
Colossal Magnetoresistance. Springer, 2003 S. Mori et al., PRL 81, 3972 (1998)
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Inhomogeneities in a homogeneous system!



What about the other 
atoms?

La, Ca

O

Mn

O
Mn

La,Pr,Sr,Ca,etc.

Tilted octahedra ⇒ lower conductivity and smaller ferromagnetic domains
The COO phase in Pr0.6Ca0.4MnO3 is evidenced by a sud-

den decrease in the magnetic susceptibility, an increase in the

resistivity at TCOO!TN ,
23,24 and by the appearance of super-

structure Bragg reflections which indicate a doubling of the

unit cell. These reflections also disappear when the magnetic

field drives the compound into the metallic state.14 X-ray

studies of the superlattice reflections above the transition

suggest that charge ordering drives the orbital ordering.14

We have chosen the Pr1"xCaxMnO3 system for a number

of reasons: !i" CMR is observed in a commensurate COO

phase which is stabilized for a range of doping 0.3#x

#0.7;23,25 !ii" the similar size of the Ca and Pr cations re-
duces strain effects; !iii" a further study of the electronic and
magnetic phase transitions in this material is advantageous

because of the significant difference between the magnetic

ordering and COO transition temperatures.

The sample was prepared at the Joint Research Center for

Atom Technology in Japan; the growth and the basic trans-

port properties have been described in detail elsewhere.23

The (010) surface was polished with a 1 #m grit and the

mosaic of the sample was 0.25° full width at half maximum

as measured at the !020" reflection.
The experiments were performed utilizing resonant x-ray

diffraction which involve measuring the intensity of a reflec-

tion as a function of the incident photon energy.26–30 By

tuning the incident energy to the Mn absorption K edge, 1s

electrons are promoted to an intermediate unoccupied p state

and then decay back to the 1s . Therefore one probes the

unoccupied density of p states projected onto the Mn atoms

as a function of energy. Because these intermediate states

reflect any structural anisotropy, the scattering factors of the

Mn atoms are no longer scalars but become tensors. In addi-

tion, the coherence of the resonant process implies that dif-

fraction can occur and we can probe the long-range-ordered

correlations of the local electronic configuration: This tech-

nique combines spectroscopic information with that of a

scattering experiment.

The Mn 4p states are sensitive to the surrounding struc-

ture because their spatial distribution extends out to, and be-

yond, the Mn nearest neighbors. In order to interpret the

RXD spectra measured at the K edge, we therefore make the

assumption that the particular structural distortions of the Mn

surroundings reflect the highest occupied 3d orbitals. We

note that the characteristic time for the resonant process is

about 10"16 s while that of the lattice vibrations is 10"12 s

and therefore RXD provides a snapshot of the distortions

surrounding the Mn atoms.

Interpreting these particular resonant spectra is still com-

plex. According to previous works in the literature, it is not

possible to draw conclusions about the surrounding structure,

or the charge or orbital ordering without detailed, quantita-

tive modeling and analysis of the various contributions to the

resonant scattering. Below, we provide a description of the

resonant structure factor within the dipolar approximation,

both above and below the phase-transition temperature.

These calculations provide an understanding of the charac-

teristics of the resonant signals which allow us to infer the

characteristics of the electronic configuration. In particular,

we are interested in determining the symmetries of the high-

est occupied orbitals.

The x-ray experiments were performed at the CMC-CAT

undulator beamline 9IDB at the Advanced Photon Source

!Argonne National Laboratory" and at beamline X22C at the
National Synchrotron Light Source !Brookhaven National
Laboratory". Beamline 9IDB possesses a double-crystal Si

!111" monochromator with an energy resolution of $E/E
%2$10"4. Beamline X22C has a double Ge !111" mono-
chromator with a resolution $E/E%5$10"4. We have fo-

cused on the incident energy dependence of the diffracted

intensity, as it is tuned through the Pr-L II and Mn-K absorp-

tion edges which in this oxide are at 6444 eV and 6552 eV,

respectively, where we have defined the position of the edge

by the maximum of the first derivative of the absorption

spectrum. In this paper we focus on the vicinity of the Mn

K-edge energy. For some of the data collected, the scattering

was resolved into the respective &-&! and &-'! polarization
channels, where we adopt the standard notation that & (')
denotes the polarization perpendicular !parallel" to the scat-
tering plane !see Fig. 3". The polarization analysis was per-
formed by utilizing a Cu !220" analyzer crystal for which
2(Bragg%96° at the Mn K edge. This discrepancy from the

ideal 90° leads to an expected leakage of about cos2(96)

%1.1% for the projection of one polarization component into

the other one. By measuring the fully &-&! polarized Bragg
reflection !020" in the &-'! channel analyzer we measured
the leakage to be about 1.5%. High-Q resolution measure-

ments were performed with a Ge!111" analyzer crystal. In
addition to the diffraction experiment, complementary

XANES measurements were performed on the same sample.

These two techniques probe the same resonant scattering fac-

tors; though the XANES measurement lacks the site selec-

tivity of resonant diffraction, it provides the average of the

imaginary part of the resonant scattering factor directly.

These latter measurements were carried out at room tempera-

ture at beamline X11A !National Synchrotron Light Source,
Brookhaven National Laboratory". This beamline has a

FIG. 2. High-temperature unit cell in the Pbnm perovskite struc-

ture of Pr0.6Ca0.4MnO3. The oxygen octahedra are all equivalent;

Mn2 , Mn3, and Mn4 are related to Mn1 by the b, n, and m mirrors,

respectively. Pr/Ca atoms !not shown" lie between the octahedra
layers.

RESONANT X-RAY DIFFRACTION OF THE . . . PHYSICAL REVIEW B 69, 134419 !2004"

134419-3

S. Grenier et al., PRB 69, 134419 (2004)



Low-bandwidth 
compound: (Pr,Ca)MnO3

Fig. 2.3.1. Phase diagram of Pr
!"!

Ca
!
MnO

#
. PI and FI denote the paramagnetic insulating and ferromagnetic

insulating states, respectively. For hole density between 0.3 and 0.5, the antiferromagnetic insulating (AFI) state exists in
the charge/orbital-ordered insulating (COI) phase. The canted antiferromagnetic insulating (CAFI) state, which may be
a mixed FM}AF state, also has been identi"ed between x"0.3 and 0.4. Reproduced from Tomioka and Tokura (1999).

Fig. 2.3.2. Temperature dependence of the resistivity of Pr
!"!

Ca
!
MnO

#
with x"0.3 at various magnetic "elds. The

inset is the phase diagram in the temperature}magnetic"eld plane. The hatched region has hysteresis. Results reproduced
from Tomioka and Tokura (1999).

very prominent, and they have been reviewed by Tomioka and Tokura (1999). It is interesting to
observe that pressure leads to a colossal MR e!ect quite similar to that found upon the application
of magnetic "elds (see for example Fig. 2.3.3, where results at x"0.30 from Moritomo et al. (1997)
are reproduced).

The abrupt metal}insulator transition at small magnetic "elds found in Pr
!"!

Ca
!
MnO

#
at

x"0.30 appears at other densities as well, as exempli"ed in Fig. 2.3.4, which shows the resistivity
vs. temperature at x"0.35, 0.4 and 0.5, reproduced from Tomioka et al. (1996). Fig. 2.3.5 (from
Tomioka and Tokura, 1999) shows that as x grows away from x"0.30, larger "elds are needed to
destabilize the charge-ordered state at low temperatures (e.g., 27 T at x"0.50 compared with
4 T at x"0.30). It is also interesting to observe that the replacement of Ca by Sr at x"0.35 also
leads to a metal-insulator transition, as shown in Fig. 2.3.6 taken from Tomioka et al. (1997).
Clearly Pr

!"!
Ca

!
MnO

#
presents a highly nontrivial behavior that challenges our theoretical

understanding of the manganese oxide materials. The raw huge magnitude of the CMR e!ect in
this compound highlights the relevance of the CO}FM competition.

2.4. Other perovskite manganite compounds

Another interesting perovskite manganite compound is Nd
!"!

Sr
!
MnO

#
, and its phase diagram

is reproduced in Fig. 2.4.1 (from Kajimoto et al., 1999). This material could be labeled as

E. Dagotto et al. / Physics Reports 344 (2001) 1}15318

Metallic only upon application of a field

E. Dagotto, Physics Reports 344, 1 (2001)



High-bandwidth 
compound: (La,Sr)MnO3

The magnetic character changes abruptly at 38 30 0 E, where the
magmatic system apparently collapses and does not generate
significant basaltic crust again until basement ridge A at 138 E,
after which the magmatic supply is strongly segmented into
volcanic basement ridges. The magnetic field in this region is very
variable along axis, with the highest amplitudes at the basement
ridges. Magma chambers in the rift valley are likely to be associated
with these features. This melt focusing appears to be more extreme
than observed at other ultraslow-spreading mid-ocean ridges.

The singularity in the magmatic, magnetic and bathymetric
expression of the Gakkel ridge at 38 30 0 E appears to be a special
case, where themechanisms of melt generation and extractionmake
an abrupt transition from those more characteristic of spreading
rates .20mmyr21 to those more typical of ultraslow spreading.
However, the existence of elongated off-axis ridges is not restricted
to the Gakkel ridge. Along the SWIR (14mmyr21) between 158 E
and 258 E, where the ridge is not displaced by large fracture zones,
global satellite gravity data show the presence of basement ridges
with a spacing of about 100 km. Off-axis, they are visible up to
700 km. This may indicate that off-axis basement ridges are com-
mon for spreading velocities #14mmyr21. A

Received 21 January; accepted 22 April 2003; doi:10.1038/nature01706.
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The effect of ‘colossal magnetoresistance’ (CMR) in hole-doped
manganites—an abnormal decrease of resistivity when a mag-
netic field is applied1—has attracted significant interest from
researchers in the past decade. But the underlyingmechanism for
the CMR phenomenon is not yet fully understood. It has become
clear that a phase-separated state2–6, where magnetic and non-
magnetic phases coexist, is important, but the detailed magnetic
microstructure of this mixed-phase state is so far unclear. Here
we use electronmicroscopy to study themagneticmicrostructure
and development of ferromagnetic domains in the mixed-phase
state of La12xSrxMnO3 (x 5 0.54, 0.56). Our measurements show
that, in the absence of amagnetic field, themagnetic flux is closed
within ferromagnetic regions, indicating a negligible magnetic
interaction between separated ferromagnetic domains. However,
we also find that the domains start to combine with only very
small changes in temperature. We propose that the delicate
nature of the magnetic microstructure in the mixed-phase state
of hole-doped manganites is responsible for the CMR effect, in
which significant conduction paths form between the ferromag-
netic domains upon application of a magnetic field.
The framework of double exchange interaction7,8 qualitatively

explains the phenomenology of the CMR effect in hole-doped
manganites, but this mechanism alone is insufficient to quantitat-
ively explain the abnormal transport properties. A prospective
picture is the formation of percolative paths for manganese eg
electrons through ferromagnetic (FM) regions4—that is, a model
highlighting the magnetic microstructure in the mixed-phase state,

Figure 1 Temperature dependence of magnetization in La12xSrxMnO3 (x ! 0.54, 0.56).

The magnetization was measured on warming in a magnetic field of 1 T. Before the

measurement, the specimen was cooled in a magnetic field of 1 T. Inset, the magnetic

phase diagram of the same system. See ref. 12 for details. PI, CNI, FI, AFI, TN and TC stand

for paramagnetic insulator, spin-canted insulator, ferromagnetic insulator,

antiferromagnetic insulator, Néel temperature and Curie temperature, respectively.
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electrons and the speed of light, and V0 the mean inner potential
(calculated to be 23.9 V using scattering factors)18,19. The obtained
magnetic flux is converted into magnetization in units of the Bohr
magneton, mB. The observations were within (1.7 ^ 0.2) mB per
Mn. (The observed magnetization is close to the maximum mag-
netization measured for the bulk specimen of La0.44Sr0.56MnO3

(1.3 mB, Fig. 1), but smaller than the theoretical value (3.4 mB)
expected for the fully aligned magnetic moments on each atom. A
possible explanation is that the magnetic moments are canted. The
surface layer that may be damaged by ion-milling will also reduce
the observable magnetization.) We see that the spacing of the white
lines is almost unchanged through the transformation, that is, the
FM island has strong magnetization from the beginning of its
formation in the AFM phase. In fact, the in-plane component of
magnetization at the position shown by the asterisk in Fig. 2e and h
was 1.6 mB for both 209K and 223K.

In contrast, the spontaneous magnetization becomes gradually
smaller during the FM to PM transformation as the FM regions
shrink. This can be seen by the increased spacing of the contour lines
as the specimen is heated (Fig. 3a–e). This observation distinguishes
the second-order-like FM to PM transformation from the first-
order AFM to FM transformation. An interesting feature is that the
closure domain (C1, Fig. 3a) splits into two parts (C1 and C1

0 , Fig.
3e). In both of these domains, the magnetic flux circulates in the
same direction. As a result of the splitting and shrinkage, the mixed-
phase state is also achieved in the second-order-like FM to PM
transformation when observed microscopically. The PM to FM
reverse transformation (not shown) proceeded via the growth of the
closuremagnetic domains and/or their merging. The upper panel of
Fig. 3f shows the phase shift along the line X–Y in Fig. 3b. The lower
panel provides the differential of the phase shift. The differential
gradually increases toward the FM region, in contrast to the step-
like increase in Fig. 2i; that is, the phase boundary is obscure
between the FM and PM phases, while it is clear between the FM
and AFM phases. Again, the magnetic flux is closed within the FM

region at any stage of the coexistence with the PMphase, resulting in
a negligiblemagnetic interaction betweenwell-separated FM islands
in the absence of magnetic fields.
The question then arises as to how delicate is the magnetic

microstructure in the mixed-phase state. An essential feature was
derived from Lorentz microscopy observations, which visualize
magnetic domain walls as bright or dark lines, as indicated by the
black arrows in Fig. 4. Two FM regions are observed in Fig. 4a, where
themagnetic flux was confirmed to be closed within each FM region
so that no stray field was produced, being similar to the results in
Fig. 2. When the electron beam current is increased from
0.13mAcm22 (Fig. 4a) to 0.17mAcm22 (Fig. 4b), the separate
FM regions are combined into a larger one while the volume of the
AFM phase is reduced. (The beam current given here represents the
value at the specimen position.) The magnetic domainwalls are also
shifted slightly. The large FM region was again separated into the
smaller ones by the subsequent reduction of beam current. This
microstructural change is presumably caused by a small increase (or
decrease) of temperature due to the illumination change, although
the thermocouple placed near the specimen could not detect such a
local change in temperature. By contrast, when the specimen is in
the single-phase (FM) state, increase of the beam current does not
modify the magnetic microstructure (Fig. 4c and d)—for example,
the domain walls never move with the beam heating. The dramatic
change in the microstructure in the mixed-phase state is due to the
coexistence of phases in thermodynamic equilibrium: only a small
change in temperature assists the growth of the energetically
favoured phase. It is quite reasonable to consider that application
of magnetic fields and/or stress plays a similar role in modifying the
magnetic microstructure. If a metallic FM phase coexists with an
insulating non-magnetic phase, the application of magnetic field
may connect the separated FM regions in a similar fashion to that
shown in Fig. 4a and b. This delicacy of themagnetic microstructure
in the mixed-phase state is believed to be essential to the realization
of significant conduction paths for e g electrons upon the appli-
cation of magnetic fields.
Recent progress in electron microscopy has enabled us to observe

the magnetization distribution of manganites in detail. Loudon
et al.18 performed electron holography studies of La0.5Ca0.5MnO3.
They discovered a new phase—the ‘charge-ordered ferromagnetic
state’—that is achieved at low temperature. The present holography
studies have disclosed the temperature dependence of the magnetic
microstructure: the spread of magnetic flux has been clearly
mapped. Moreover, the present observations have revealed that
there is only a negligible magnetic interaction between well-separ-
ated FM islands, but that these islands are believed to interact with
each other when a magnetic field is applied. We believe that the
observations reported here will help the understanding of the
physical processes underlying CMR phenomena. A
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3. Fäth, M. et al. Spatially inhomogeneous metal-insulator transition in doped manganites. Science 285,

1540–1542 (1999).

4. Uehara, M., Mori, S., Chen, C. H. & Cheong, S.-W. Percolative phase separation underlies colossal

magnetoresistance in mixed-valent manganites. Nature 399, 560–563 (1999).

5. Mori, S., Chen, C. H. & Cheong, S.-W. Paired and unpaired charge stripes in the ferromagnetic phase

of La0.5Ca0.5MnO3. Phys. Rev. Lett. 81, 3972–3975 (1998).

6. Lu, Q., Chen, C. C. & de Lozanne, A. Observation of magnetic domain behavior in colossal

magnetoresistive materials with a magnetic force microscope. Science 276, 2006–2008 (1997).

7. Anderson, P. W. & Hasegawa, H. Considerations on double exchange. Phys. Rev. 100, 675–681

(1955).

8. de Gennes, P.-G. Effect of double exchange in magnetic crystals. Phys. Rev. 118, 141–154 (1960).

9. Moreo, A., Mayr, M., Feiguin, A., Yunoki, S. & Dagotto, E. Giant cluster coexistence in doped

manganites and other compounds. Phys. Rev. Lett. 84, 5568–5571 (2000).

10. Mayr, M. et al. Resistivity of mixed-phase manganites. Phys. Rev. Lett. 86, 135–138 (2001).

11. Zhang, L., Israel, C., Biswas, A., Greene, R. L. & de Lozanne, A. Direct observation of percolation in a

manganite thin film. Science 298, 805–807 (2002).

Figure 4 Effect of beam heating on the magnetic microstructure in the mixed-phase state

and the single-phase state in La0.44Sr0.56MnO3. a, b, The merging of two separated
ferromagnetic islands with a slight change in illumination for the mixed-phase state

(ferromagnetic and antiferromagnetic). c, d, The results for the single-phase state
(ferromagnetic), where no appreciable change is observed. The temperature change was

too small and localized to allow detection by the thermocouple that was placed near the

specimen (no direct connection to the specimen). BC, bend contour arising from the

diffraction effect.

letters to nature

NATURE |VOL 423 | 26 JUNE 2003 | www.nature.com/nature 967© 2003        Nature  Publishing Group

Y. Murakami et al., Nature 423, 965 (2003)



The whole picture for 
x=0.45

III. RESULTS AND DISCUSSION

First, we show in Fig. 1 the experimental data of the tran-

sition temperatures for the FM, CO/OO, and spin glasslike

insulator (SGI) (Ref. 24) phases in the rA!!2 plane, as real-
ized in RE1!xAExMnO3 !x=0.45" crystals synthesized and
investigated in this study. In this figure, TC and TCO in cool-

ing and warming runs are determined as the temperature at

which #d ln " /d!1/T"# in the corresponding temperature pro-
file of resistivity becomes maximum.25 It has been experi-

mentally confirmed for several x=0.45 crystals, e.g.,

Pr0.55!Ca1!ySry"0.45MnO3 (Ref. 15) that this procedure can
give the correct value of TCO that is deduced by diffraction

measurements. The values of TC and TCO dipicted in Fig. 1

are the averaged ones of the both cooling and warming runs.

(For La0.55Ca0.45MnO3, TC has been cited from Ref. 26.) Ac-
cordingly, TG is the temperature at which ac susceptibility

!#!" taken at 500 Hz, or the zero-field-cooled (ZFC) magne-
tization at 100 Oe has a cusp structure. (The detailed tem-
perature profiles of resistivity and magnetization as the evi-

dence for the phase transformation will be exemplified in the

following.) On the basis of these observations, we show in

Fig. 2 the electronic phase diagram of RE1!xAExMnO3 !x
=0.45" crystals plotted on the rA-!

2 plane. First, for the

lower-left and lower-right regimes, where the !2 is relatively
small, the CO/OO and the FM are dominant, respectively. In

RE0.55Ca0.45MnO3 (RE=Gd, Sm, Nd, and Pr), the CO/OO
transition temperature TCO shows a decrease from $300 K
to $230 K as RE changes from Gd to Pr. In

RE0.55Sr0.45MnO3 (RE=La, Pr, Nd, Sm, and Gd), on the
other hand, the TC decreases from $350 K to $130 K as RE
changes from La to Sm. These features for both of CO/OO

and FM regions may be interpreted in terms of the change of

W. Furthermore, as shown in the cases of

RE0.55!Ca1!ySry"0.45MnO3 (RE=Sm, Nd, and Pr) !0$y$1",

the CO/OO is replaced with the FM with increase in y,
which may also be explained by the increase in W. Thus, the
keen competition between the CO/OO and FM forms a pro-
totypical bicritical point.15 It is noted, however, that for the

upper regime in this figure the SGI becomes dominant.23 In

RE0.55!Ca1!ySry"0.45MnO3 !RE=Gd" !0$y$1", for ex-

ample, the CO/OO is replaced with the SGI for y%0.3.
As the examples of experimental data that have been used

to deduce the global phase diagram (Fig. 2), we show in Fig.
3 the temperature profiles of resistivity !a-c" and the elec-
tronic phase diagrams !d-f" for RE0.55!Ca1!ySry"0.45MnO3
!0$y$1" with RE=Gd [(a) and (d)], Sm [(b) and (e)], and
Nd [(c) and (f)], respectively. In Figs. 3(a) and 3(b), the
resistivities for y=0 show anomalies around 295 K (for RE
=Gd) and 275 K (for RE=Sm) in both cooling and warming
runs, respectively, which manifests the CO/OO transition. In

common to the both cases, the TCO is lowered, and the tran-

sition becomes broadened upon the moderate substitution of

Ca with Sr. In the case of RE=Gd, no distinct change is

discerned in temperature profiles of resistivity for y&0.4.
For y=1, the x-ray diffuse scattering around (2 3/2 0) of the
orthorhombic Pbnm setting is seen below about 250 K,

which is indicative of the short range CO/OO correlation.23

In the case of RE=Sm, on the other hand, the CO/OO tran-

sition is still discerned at around 170 K at y=0.35, while it is

abruptly replaced with the FM for y&0.5.
The inset of Fig. 3(d) shows temperature profiles

of ac susceptibility for the y=0.4 crystal of

Gd0.55!Ca1!ySry"0.45MnO3. The susceptibility becomes fre-
quency dependent below about 40 K, that is, the SGI be-

comes prevailing below about 40 K for this crystal. Simi-

larly, the inset of Fig. 3(e) shows temperature profiles of ZFC
and FC magnetization for the y=0.35 crystal of

Sm0.55!Ca1!ySry"0.45MnO3. The magnetization shows a tiny
decrease around 180 K and a cusp structure around 120 K.

FIG. 1. The transition temperatures of TC (squares), TCO
(circles), and TG (triangles) for various RE1!xAExMnO3 !x=0.45"
crystals plotted on the rA and !2 plane. The phases of ferromagnetic
metal, charge/orbital-ordered antiferromagnetic insulator, and spin

glasslike insulator are denoted as FM, CO/OO AFI, and SGI,

respectively.

FIG. 2. (Color) The electronic phase diagram of various

RE1!xAExMnO3 !x=0.45" crystals in the plane of rA and !2. Abbre-
viations of FM, CO/OO AFI, and SGI are same as indicated in

Fig. 1. Contour lines of the respective transition temperatures are

drawn by extrapolation on the basis of the data shown in Fig. 1.

Small and large dots (more than 50 points) indicate the materials
that were actually synthesized, mostly in form of single crystal, and

characterized.
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Challenges for the 
Future

• Full explanation of phase separation

• Growing good samples

• Measurements that give us a clear picture 
of what’s going on inside the materials

• Dynamics



Summary

• CMR is the result of phase separation 
within homogeneous systems

• A simple model of ferromagnetic metallic 
behavior can only take us so far

• By changing the size of the dopants, we can 
explore a very large phase space



So how and CMR and 
GMR related?



So how and CMR and 
GMR related?

• CMR and GMR are 
unrelated

• GMR: magnetic 
multilayer systems

• CMR: single materials


