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Motivation I: Colossal Motivation I: Colossal 
MagnetoresistanceMagnetoresistance (CMR)(CMR)

• Drastic reduction of 
resistivity with small 
magnetic fields.

• Potential application in 
“read sensors”?

Tomiokaand Tokura,
(1999).

FM
metal
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Motivation II:Motivation II:

• Understand the complex phase diagram that 
experiments are unveiling.

A-type AF
Orbital order

CE-type
Spin/charge/orbital  order

Cheong et al.,
Schiffer et al.

Fraction of holes

T
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Structure of the Structure of the ManganitesManganites

( ) 131, ++ nnn OMnDR

Bilayer ( ) 723, OMnSrLa n=2
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Models for Models for ManganitesManganites

[ ] 43 3: dArMn +[ ] 25 43: sdArMn

S=3/2 (localized)

3d orbital

5 fold degenerate gt2
( )zxyzxy ddd ,,

ge ( )2222 3
,

zryx
dd
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Main couplings in models for Main couplings in models for 
manganitesmanganites

S=3/2

S=1/2

t

ge

gt2

J AF

J H

t=1
J /t>5 (prevents double

occupancy)

J  ~ 0.1 (small but
relevant)

H

AF

Mn 4+ Mn 3+
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The Lattice Kondo ModelThe Lattice Kondo Model
1 orbital approximation1 orbital approximation

( ) j
ji i ji

iAFiiijji SSJSsJcccctH ⋅+⋅++−= ∑ ∑ ∑++

, ,
,,,, σσσσ

J/t

Heavy Fermions: J/t<<1

A. Moreo et al.,
Cuprates: J/t~2
PRL84, 2690 (2000)

Manganites: |J/t|>8, J<0
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Two Two Orbitals Orbitals plus plus JahnJahn--Teller Teller 
phonons phonons ((KanamoriKanamori, Millis), Millis)
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g: electron-phonon coupling

k: phonon stiffness
kg /=λ

2Q

3Q
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Computational TechniquesComputational Techniques
• Partition Function   

•Monte Carlo simulation over classical spins. Quantum itinerant 
electrons treated exactly.

•No sign problems. All temperatures and densities are 
accessible.

•Classical approximation tested in 1D comparing with Lanczos.

•Dynamical properties can be calculated straightforwardly.

ge electronsspinsgt2

( )iiiiiiS θφθφθ cos,sinsin,cossin=

( )∫∫ −= H
e etrDSDQZ

g

β

phonons
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ResultsResults
• FM, AF , Phase 

Separation and Spin 
Incommensuration
observed.

• No canted states in 
this model.

Yunoki et al. PRL80, 845 (1998).

tJ H /

<n>

insulator

AF

metal

FM

AF

T=0T=0

n=1 n<1

As observed experimentally (see later)
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Monte Carlo and DMFT evidence of Monte Carlo and DMFT evidence of 
phase separation in 1phase separation in 1--orbital modelorbital model

Phase separation manifests
as a discontinuity in density
vs. chemical potential.
It appears in all dimensions
investigated .

Similar in spirit to the
phase separation found in
the t-J model, although there 
it involves SC and AF.

Yunoki, Furukawa, et
al., PRL 98. See also
Guinea, Arovas, …
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Orbital and Spin order at x=0Orbital and Spin order at x=0

Hotta et al.
PRB 60, R15009

(1999)

Spin and 
orbital order
at x=0
Many states close
in energy => JAF
is much  relevant.

ITP, Nov. 2002ITP, Nov. 2002

2 2 Orbitals Orbitals and Jand J--T PhononsT Phonons

• All the stable phases 
observed experimentally 
are obtained.

• PS very prominent as in 
1 orbital model.

CO

PS

PS

Precursor of CE

Precursor of A-type AF

T= 0T= 0

Yunoki et al.,
PRL 81, 5612 (1998)
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Stripes exist as the ground state at Stripes exist as the ground state at 
large elarge e--JT couplingJT coupling

Hottaet al.
PRL86, 4922 (2001)

More about new
phases later!

Pi-shift in orbital
order. 1/r not
needed.

Ferromagnetic phase.

ITP, Nov. 2002ITP, Nov. 2002

Influence of 1/r Coulomb Influence of 1/r Coulomb 
interactioninteraction

• Droplets, stripes or other nanometer size 
patterns may form (as in studies of high Tc
and stripes, by many authors).

• In 1D the PS state evolved into CDW state with increasing 
repulsion (Malvezzi et al. PRB ’99).

or
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Pseudogap Pseudogap in simulationsin simulations

At intermediate temperatures
dynamical clusters are found
near the phase-separation 
critical temperature.
The clusters are metalli c or
insulating, inducing a
Pseudogap.

A.Moreo et al., PRL 83, 2773 (1999)

See also Dessau et al.
ARPES, bilayers
PG observed..

No
disorder

With
disorder
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Experimental Evidence of Experimental Evidence of 
Phase coexistencePhase coexistence

Renner et al.,
Nature ’02
BiCaMnO
STM

Uehara et al.,
Nature ’99
LaPrCaMnO
EM

A.Moreo et al.,
Science 283, 2034 (1999).

HM
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PolaronsPolarons or Larger Clusters?or Larger Clusters?

FM Polaron Lattice polaron

One carrier surrounded by a distortion.

Mn oxide experiments reveal far larger clusters,
with many carriers inside. Polaron picture not suitable.

ITP, Nov. 2002ITP, Nov. 2002

Disorder effects are very important Disorder effects are very important 
near a firstnear a first--order transitionorder transition

metal insulator

large clusters
equal density
disorder-induced
phase separation

Imry-Ma
Wortis

Disorder due
to chemical
doping => random
hopping and
Coulomb centers.

Warning: Cluster size is disorder strength dependent!
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Phase Competition in the Presence Phase Competition in the Presence 
of Quenched Disorderof Quenched Disorder

First order

Manganites

FM Stripes
Toy Model with disorder
Burgy et al., PRL87, 277202 (2001).

ITP, Nov. 2002ITP, Nov. 2002

RealReal--Space Spin Space Spin 
ConfigurationsConfigurations

Paramagnetic

T>T*

Percolated

T<To
1

Clustered

To <T<T*
1

FM down
FM up
Insulator
Disorder

Conjectured CMR
state in manganites

(see also Cheong et al.)
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CMR effectCMR effect

Resistor Network: FM up  FM down  Insulator  Disorder

H=0

H=0.01

Rotates easily

MR ratios as large as 1000% at Hs=0.01 (Burgy et al.,PRL 87, 277202 (2001)).

ITP, Nov. 2002ITP, Nov. 2002

Evolution with Magnetic FieldEvolution with Magnetic Field

H=0.0H=0.001
H=0.002
H=0.003
H=0.004H=0.005H=0.006H=0.007H=0.008H=0.009H=0.01 001.0=∆H

0.1% of natural scale
0.001t~1 Tesla

M=0 at H=0 , but
M grows rapidly
with increasing H due
to easy cluster rotation.10 seconds movie
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Similar results in 3DSimilar results in 3D

Qualitatively as in experiments, but with smaller intensity than in 2D..
Are longer  range interactions needed? (strain, Coulomb)

ITP, Nov. 2002ITP, Nov. 2002

Results in 3D, including longResults in 3D, including long--range range 
correlations correlations 

Top: long-range
1/r^3 interaction

H=0.0 and 0.01

Bottom: Short-
range, H=0.0, 
0.001, and 0.01

Work in progress, J.Burgy et al. See also K. Yang, cond-mat.
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Experimental Test of Experimental Test of 
PredictionsPredictions

“Weak” disorder

Tomioka et al.

“Strong” disorder

De Teresa et al.

T*>Tc

Argyriou et al. 
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``Correlated ``Correlated polarons’’ polarons’’ 
(a.k.a. short(a.k.a. short--range charge order) above range charge order) above TcTc

Results from Adams et al., PRL 85, 3954 (2000).

Uncorrelated polarons
Nearly T-independent

Correlated polarons
Follows resistivity vs. T
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Additional evidence of T*Additional evidence of T*

From De Teresa, Ibarra et al.

Thermal expansionLCMO

ITP, Nov. 2002ITP, Nov. 2002

Experimental phase diagrams with Experimental phase diagrams with 
and without disorderand without disorder

Tokura et al.
2002Dramatic changes

with and without
disorder. CO phase
affected the most.
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High High Tc Cuprates Tc Cuprates 
STM Gap MapsSTM Gap Maps

� Mixture of two 
different short-range 
electronic orders?

� Long-range 
characteristics of 
granular SC?

� SC domains ~3nm.              

Lang et al., Nature ’02.

Underdoped 
Bi-2212, 
Tc=79K

Overdoped
Bi-2212

560A 
x
560A
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CMRCMR--motivated motivated Speculations Speculations 
for for CupratesCuprates::

• First-order AF-SC 
transition in clean 
limit? Similar ideas in SO(5) 
context. Tetracriticality is 
another possibility (Sachdev).

• Percolative transition?
• T* as a Griffiths T?
• “Colossal” Effects in 

underdoped regime? Proximity 
effect?

• Coexistence in ARPES data? 
(Fujimori)

Mixture
SC-AF ?

Burgy et al, PRL 87, 277202 (2001)
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FirstFirst--order SCorder SC——AF transition in AF transition in 
electronelectron--doped systems?doped systems?

M. Fujita et al.,
cond-mat/0203320
muSR and suscept.
(Blumberg’s talk)

Heavy fermions
and organic SC
have similar
features.

Brown’s talk

ITP, Nov. 2002ITP, Nov. 2002

Heavy Fermions and Organic SC 
have similar features

Ce-based heavy fermion 
(Los Alamos)

Organic superconductors:
SDW/SC coexistence or
First-order SC-SDW transition



Nanoscale Phase Separation in CMR Materials

Elbio Dagotto, Florida State Univ (KITP CEM Conference 11/20/02) 18

ITP, Nov. 2002ITP, Nov. 2002

T* in diluted magnetic semiconductors as well?

Alvarez et al., PRL to appear. See also Mayr et al., PRB 2002

Mn-doped GaAs; x=0.1;Tc = 110K. Spintronics?
Model: carriers interacting with Mn-spins locally

Clustered state, 
insulating

FM state,
metallic

Monte Carlo simulations

ITP, Nov. 2002ITP, Nov. 2002

Very recent developments:Very recent developments:
New `` ENew `` E--phase’’ in phase’’ in undopedundoped limitlimit

Hotta et al., cond-mat
See also Kimura et al.
(experiments).


