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Kondo vs Polaronic View of
CMR Manganites

Nobuo Furukawa
Institute for Solid State Physics,
University of Tokyo

ABSTRACT

e Introduction

* Double-Exchange systems (review)
* Recent experimental results

* Recent theoretical proposals
e DMF for the Ferromagnetic Kondo Lattice Model.
¢ Scaling Relations

e Summary



©) L(R,A)Mnog mangamtes are double-exchange ferromagnetﬁ

® Zener (1951), Anderson-Hasegawa, (1955), deGennes (1960),
Searle-Wang (1970), Kubo-Ohata (1972)
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Zener (1951):
Ferromagnetism in LaMnOj3_s due to itinerant motion of

Mn 3d electrons. Mn3+ = (3d)* = (t2g)°(eg)!

Model Hamiltonian
(extended s-d model, Zener model, Kondo lattice model)

| H=-t> (C,-'UCJ',, + h.C.) — JHES, - 0

" Double-Exchange Interaction between local spins S..

Anderson-Hasegawa (1955):
Effective Hamiltonian in the limit Jg — 00 :

“project out electron’s spin component anti-parallel to lo-
- calized spin S, 1.e.

H =¥ ;806 + hee.
where hopping matrix element ti; s

|f,-j| = t cos(6;;/2)

~ and &; is electron operator with spin parallel to S..
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Zener (1951):
Ferromagnetism in LaMnO3_; due to itinerant motion of

Mn 3d electrons. Mn3t = (3d)4 = (t2g)3(eg)1

Model Hamiltonian ,
(extended s-d model, Zener model, Kondo lattice model)

| H—th(ccha-i-hC) T 57

- DoubleaExcha.nge Interaction between local spins S. .

Anderson—Hasegawa (1955):
Effective Hamiltonian in the limit Jg — oo :
project out electron s spin component a,ntl—pa.rallel to lo-

. ca.hzed spin S 1.e.

H = Zfijé;r&j + h.c.
where hopping matrix element %; 5 1s

[£i;] = t cos(6:;/2)

- and & is electron operator with spin parallel to 3.
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(£,4)MnO; manganites are double-exchange ferromagnets.

e Zener (1951), Anderson-Hasegawa (1955), deGennes (1960},
Searle-Wang (1970), Kubo-Ohata (1972)

@ Are (R,A)MnO3 manganites double-exchange ferromagnets?

¢ Experimental Evidences:

* Ferromagnetic-metal in limited region only.
* Relevance of lattice distortion:

* A-type AF with collective Jahn-Teller distortion

+ Oxigen distortion (Debye-Waller, PDF) anomaly near
Te

* Relevance of orbital degree of freedom:

* Charge ordered AF insulator with orbital ordering near
xz ~ 0.5.

* A-type AF metal

* Intrinsic vs. Extrinsic effects: grain boundaries, etc.

These ave dak'n[ieo{‘ 53 Ve cent expeliments with
,leal\ %Ml;ta SQMPle.g/TeoL»szueg.
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(R,A)MnQO; manganites are double-exchange ferromagnets.

e Zener (1951), Anderson-Hasegawa (1955), deGennes (1960),
Searle-Wang (1970), Kubo-Ohata (1972)

Are (R,A)MnO; manganites double-exchange ferromagnets?

e Experimental Evidences:

* Ferromagnetic-metal in limited region only.
* Relevance of lattice distortion:

* A-type AF with collective Jahn-Teller distortion

* Oxigen distortion (Debye-Waller, PDF') anomaly near
Tc

* Relevance of orbital degree of freedom:

* Charge ordered AF insulator with orbital ordering near
x ~ 0.5.

* A-type AF metal

* Intrinsic vs. Extrinsic effects: grain boundaries, etc.

e Theoretical approaches / proposals

* Dynamic Jahn-Teller theory (Millis)

* Small polaron (Spin, Lattice) (Bishop, Varma)
* Spin fluctuation (Kataoka)

* Orbital liquid (Nagaosa)



Millis et al.:

Double Ezxchage Alone Does Not Ezplain the Resistvity of
La,_35m: MnOs, Phys. Rev. Lett. 74 (1995) 5144.

Double-Exchange Model| vs. [La;_,Sr,MnO;

o Curie temperature: Theory (T, = 1000 ~ 3000K) overesti-
mates one order of magnitude.

e Temperature dependence of resistivity p:
p(T) completely different at T < T..

¢ Absolute value of p: Larger values at experiment.

2

1.5

p{m{-cm)
!

0.5+

L t 1 L
0.2 1 . 2 3

Dynamic Jahn-Teller Mechanism for CMR in La;_;Sr,MnQOs,
Phys. Rev. Lett. 77 (1996) 175.

® 0 < OMou €xplained by polaron mechanism.

e Reduced T explained by lattice fructuation.
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E-mail from the organizer of Trieste Workshop:

Some Possible Discussion Topics:

(1) Quantum Critical View of cuprates - Does it
make sense?

(ii) Do we have the right starting model for an
understanding of CMR?

(iii)

Another question:

Do we have the right understanding of the double-exchange
system?

Universalities, qualitative/quantitative behaviors, etc.

Example: Estimate of the Curie temperature

e T, = 1000 ~ 3000K (Millis et al., mean field)

e T. = 200 ~ 400K (Roder et al., high-T" expansion)
for bandwidth W ~ 1eV.

Difficulties:

¢ Strong Hund’s coupling between spins and electrons.
e Large spin fluctuations near T,

JH|AS| > W

e Need to deal with thermodynamics, transport properties, etc.

Double-exchange alone model is already very difficult.

ot this
We need o know MM&S&%’L AN
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Dynamical mean-field approach for the double-exchange system.

N. Furukawa: J. Phys. Soc. Jpn. 63 (1994) 3214,
ibid 64 (1995) 2754,
ibid 64 (1995) 2734,
ibid 64 (1995) 3164.

Hamiltonian:

H = —t ¥ (c:[acjg+h.c.) — Jg XS 5

<ij>,0 t
o S:: Localized tog SPINS approximated by classical rotator spins
15| = 1. (In reality, S = 3/2.)
e 0;: Itinerant ey electron spins.

e t: Electron hopping matrix element. In D — oo limit, we

rescale ¢ so that the bandwidth W is finite.
Hereafter, bandwidth W is the unit of energy.

e Ji: Hund’s coupling between eg and tyg electrons.

e z: Carrier number (hole concentration), z =1 —n.

Estimate of W and Jy from experiments:
W=1~2V, Jg=2~3eV.

Dynamical Mean-Field Theory:
Infinite dimensional approach D — oo,
cf. Georges et al., Rev. Mod. Phys. 68 (1996) 13.

& More a.ccnote calew letion Sov ‘Hn‘lg,
6imph wmodel

¢ Ceom pone with EXPER| MENTS.
Ts this model emoush or a7



Thermodynamics:

P

AN

Thermal average
= average over all possible configurations of each spin.

Mean Field Approximation

-O—O—O—O—O—O—O-

average spin moment
= no spin fluctuation

Mr<SL

Dynamical Mean Field Approximation

f-
L <T C;(‘c)C: (0)>
Replace electron dynamics by its average = Gt )
(one-particle Green's function), T
average over all possible spin configurations. H 2T

Local spin fluctuation is considered non-perturbatively.
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Methods:

* Solve the double-exchange model,
using the "dynamical mean-field" theory.

D= system
=1 site + dynamical mean field

o—0—~0 O E O %% % Metzner-
Vollhardt,

D=1 D=2 D=3 Georges-

Kotliar,

LERTEERACERENRCE:
ANARRRTRRALRRANNRAAAY,
ARVRARARLRALARLL AR
AANANARARAR AR AAN AR
SRAARARLLRARNR AR A NN
INRATARARALRANANAAANN
INRRANRNN P AN NN

——é INANNANAN Y]
INRASANNY NN NN
B
IR SR RRARA S AR RN
IRARAAVANRRR AR AR AR NS
AR LARARAAANYRR AR AN
INRRRANRARLANAANAAAN
TRANNRR AR AR LA R AN AN

LOSCN AN NN NN MG NN L

(Teorqer Katliar
D>>1 fluctuation in space ~Kranth- Rozenberq.
may be neglected Rev Mod Phs.
+
Order Pargne‘fe\f ] (T ¢t GO 4
* Strong Hund's coupling region

= spin exchange 1is unfavored.

Take the classical spin limit.
Exact solution is available in infinte dimension.
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FIG. 2. Correlation between magnetothermoelectric and magne-
toresistance effects at various temperatures in the x=0.18 crystal.
The change of S in a magnetic-field normalized by the zero-field
value [—AS/S(0)] is plotted as a function of the normalized resis-
tivity change [—Ap/p(0)]. A solid line represents a linear refation
that — AS/S(0)= —Ap/p(0). Arrows indicate maxima of —AS/S(0)

(see text).
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Doublel-Exchange model: Stfong Hund's coupling limit
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Absorption Coefficient (10° em™1)
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Neutron Inelastic Scattering Experiment of
La; -Pb, sMnO,. [Perring et al.] 1515
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* Well-defined spin-wave dispersion relation is observed.
Dispersion curve reproduced by the Heisenberg model.
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Anowalous
*ATemperature dependence in the life-time of the spin-wave.

Can the Double-Exchange Model explain these properties?
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Spin Wave Approximation

1/S expansion at the ferromagnetic ground state.

St ~+v25a;, S; ~ \/230,:[, Si=8-— azta,i.

Electron-SpinWave interaction vertices:

j : - Jg(
& k-2 k-¢ _IT. k-¢, - k-8,

Simple cubic lattice with n.n. hopping.
er = —2t(cosk, + cos ky + cosk;).

Calculate the SelfEnergy of the spin wave.
Dispersion relation: w, = II(g, wg).
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) G
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Double-Exchange Model on a Cubic Lattice (Spin Wave Approx.)

(0,00 (0,0 (mx0) (xnx) (0,0,0) (m,7,0)
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) S — /)= =
0.10 - x=0.3| # |\ [|----- (J, /70 =12
Experimental
S
Q !
3°' 0.05.
y f
0.00
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Neutron Inelastic Scattering Experiment in Lag 7Pby 3MnO3

and parameter fittings with effective models.

: Heisenberg Double-Exchange
experiment

Model Model
Spin wave -
Bandwidth 0.1eV
fitting _ t=0.2¢eV,
parameters 2JS = 8.8 meV J=24¢V
Ferromagnetism 355K (Mean fieid result)y (D infinity result)
T, 581K 440K

The Double-Exchange model consistently reproduce
the spin-wave dispersion relation and T,..
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FIG. 2 - K. Hirota - Reference Number 21

l

g = [ -‘rO(?D (I—MZ)LUC‘(',)

150 r_ -l- LI T T 1 T ¥ L | T T 1 ] 4 ¥ 1
o L-. f T “% ~~a. __#‘_ LBO.SSTO.Q.MHO:,} (TC =306 K)
ol Tl 1
> [ Tl '
m = -~ R -
100 20 T T T F . —
é i el Jf %\ 1
@ rs™r (]
o i 210} RS .
% 50t~ 05 oY o by - ly
LS - 0.0 I SR | l:-
C%- . 0.0 05 10 t5 20 25 H
- (1-M2)c(q) (meV) - r
0 + 1 I 'l ] '3 l 1 [ 1 I 1, 3 1 l 1 1 1 &
150 T T L T T T T ™7 T T T T T T T L *
‘:‘1("'- [ f el - Lao_75Yo_053l‘9_2Mn03 (Tc = 281 K) :
% t e - Sea - :
100} 20 — T T TR/ "~~~ -
% R %1.5 = -.¢+‘— -~ . A
S [EWf T - S
E—E—' 50 0.5 | @9 a Mo
7] I -
= L ook 4 4 '
& | 000510152025 :
- (1-M2)axq) (meV) - g
Or_, L 1 T N R L
150 T T I T T LI | g LI T T Y T T
c:f;‘ [ L3970Y0.105702MNO, (Te =271 K)
> S R R i; '
D e R
£ 100 20 1 ;|*: ""-~-,,+ ~
D, | 1.5 + - Tt ]
o S PRL \ j
= - éto "o 7 ]
£ 50--ost - -
£ L 00 L1 [ \
05)- L 0.0 05 1.0 1.5 20 25 .
- (1-M9)efq) {meV) y
Ok W PR B ol
0.0 0.2 0.4 0.6 08 1.0
TITC

97 04/14 MON 15:40

(5245 8308] @ooz



A A e e S S . =

- & -

— &

AR = A Em R LA mmsa 1

A4 A A S 4EAKEA x . A Ss _

1 SN iEEl L. 2AR .-

Temperature Dependence of DOS Width

Spin fluctuation at high temperature reduces electron hopping.

DOS (arb. unit)

For fixed band filling,

Jn/w=4%
_____ T - I.OSTL

- T= Och_

4*4‘—5«-7‘—

Change of DOS width cause shift of p .
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1H/IW=0
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Shift of i« can be as large as 0.1eV for W ~ 1eV.
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Scaling Relations

Scaling relations in the double-exchange systems:

o Resistivity

_ L x M?
P

e Optical conductivity peak for inter-band absorption
fa(w)dw o« 1— M?
¢ Spin wave lifetime due to Stoner absorption

T, o (11— M)w,

are consistent with experiments for (La,Sr)MnO3 (WIDE band).

Many thermodynamical quantities are controlled by the mag-

netism. e bl Exchange System is velevant 4o LSMoO!

—_—9

—_— — B — o — O o o — ©

For NARROW-band compounds e.g. (La,Ca)MnQOj;, deviations

from such scaling functions are observed.

e Intrinsic?

e Extrinsic?

Kinetic energy vs. coupling with Lattice/Orbital

ovh 'y _
P “"'E" Juperapchonye

’

W Vs, 3
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Millis et al.;

Double Exchage Alone Does Not Ezplain the Resisivity of

La;_.S8t: MnQOs, Phys. Rev. Lett. 74 (1995) 5144.

Double-Exchange Model| vs. |La;_,Sr;MnQ;

¢ Curie temperature: Theory (T, = 1000 ~ 3000K) overesti-

mates one order of magnitude.

e Temperature dependence of resistivity p:
p(T') completely different at T' < T.

e Absolute value of p: Larger values at experiment.

@
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Bl Phenomenology

Energy scales in Double-Exchange Systems:

e, electron system: /
S <&
kinetic energy W ~ 1leV

Strong Hund's coupling

t,, Spin system:
Ferromagnetic coupling | <
~T_ ~ 300K

t,, spin system is influenced by:
AT ~ 10°K, or H~ 10'T at T~T..

The change in t,, state causes a large change in e, states,

in the energy scale ~ 1eV.

If T, << W ~ J,, small magnetic field is enough
to cause a large change in electronic states.

Origin of the CMR: small T and large J.

If the ferromagnetic state is a metal and the a
paramagnetic state is highly resistive (dueto any mechanism),
weak magnetic field causes a large change in conductivity.

All manganates in metallic region show similar
behavior for CMR. But, in detail, ...



|SUMMARY

CMR manganites (R,A)MnOs:
e Rich phase diagram by bandwidth and doping control.

¢ “Double-exchange ferromagnetic metal” appears only in a lim-
ited region of the phase diagram.

e Spin-Charge-Lattice-Orbital strongly coupled system:
Spin/Charge/Orbital ordering, structure transition,
superstructure, ...

Nevertheless, a model with double-exchange alone explains;
o Curie temperature T, and its doping dependence.

e Magneto-transport phenomena,

* Magnetoresistance universal curve.

* Spectral change in o(w). YIS,

* Seebek coefficient. [ _H.I e
{
¢ Spin wave dispersion relation and its lifetime. PD lavon
in wide-bandwidth compound (La,Sr)MrlC_)Al . Tifect
Scaling relations / Universalities. <
8 / _ (LeSk) MnOs
Open _ ( FF—FroAtrdrt vy
(Question: |

e Why other interactions are so irrelevant?

e How and what kind of crossover/phase transition occurs
when bandwidth becomes narrower?
Any more exotic phenomena?

Theoretically:
Universalities of double-exchange plus lattice/orbital /etc. system?

Seme '("\‘c “g else?
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