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Last time

Heitler-London
Pauli + Coulomb
Exchange interactions
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Interactions

Dipole — Dipole

Direct exchange (H, molecule)

Indirect exchange

Double exchange

Anisotropic exchange

Rudeman Kittel Kasuya Yoshida (RKKY)

Stoner (“spontaneous Pauli”)
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Exchange interaction

» Heisenberg Hamiltonian
H=-2), ;S-S
]

e J>0: Ferro
e J<0: Antiferro



Direct exchange
* Need direct wave function overlap
— Ferromagnetic
— Small in 4f, 5f elements

— Can be important in 3d oxides (but see
Indirect!)

— In 3d metals: electron delocalization

o I g g

YL | Y| S LS (&

Oxide: ferro ‘hopping’: ferro ‘hopping’: antiferro

b

 Relatively small (but remember TiOX)
 Depends on orbital occupation and geometry
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Indirect exchange

T 1 T 1 Ground state antiferro

l 1/\ P17 Hopping >

2*hopping’ delocalization -2

Hf\ /\T 1 energy gain

Energy: 2 hops = 2t; cost=U
T H/ - T Pauli forbidden > J ~ -t4/U
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Indirect exchange

90

angle

180

Hopping = delocalization - energy gain
Energy: 2 hops = 2t; cost=U
> J~ -t4/U

Examples: High Tc's; MnO; MnF,;
telephone number compound

Relatively strong (depends on U)
Usually AF (F when not same 3d, e.g.d3-d>)
Strongly dependent on angle of bonding
at 1809 strongly AF
at zero weakly F
(goodenough kanamouri rules
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(Sr,La,Ca),,Cu,,0,,

J;=130 meV
J,= 70 meV

Eccleston et al., PRL 81, 1702 (1998) A=32 meV




La,Ca-Cu,,0,,
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Double exchange

Mixed valency
Usually ferro metal
Relatively strong

La, ,Sr,MnO,; (Mn3*/Mn**)
Fe,0, (AB,O,, Fe?*/Fe3*)

Temperature (K)

04 06
Ca Concentration X

La-Ca-Mn-O Film
at110kK PM-| paramagnetic insulator
FM-M ferromagnetic metal
FM-| ferromagnetic insulator
I CO-I charge-ordered insulator
CAF-I canted antiferromagnetic insulator

A 9
A T A g Fujishiro and co-workers

Mn3* Mn#* e
CMR in para phase close to T
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Anisotropic exchange

Dzyaloshinsky-Moriya interaction

Mixing in of excited d-states

LS coupling in excited state

If spins inversion symm. related then O
From different from Heisenberg: .S xS
Favors perpendicular alignment
Examples: a-Fe,O,;, MNCO,

In AF’s leads to net moment - weak ferro

\YAVAY/

J

ST/YT SM
I-dIND 7nd



Multiferroics

nature materials | VOL 6 | JANUARY 2007 |
Effactz of Deyacshinek - Morya imeraction
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Wzak faroslacticty (AMndy)

Figura & Efacts of tha antisymmetric Dzyaloshingk i=Mariya iniraction. The iniraction
Hy; = D - [8; =8 The Dzyaloshinakil vactar 0,k praporional o spin-arbit coupling

80N CICHE ) Dataan W

CINstant A, and dapands an e positon of the oxiEn on g Wi
mamatic ransition metal lans ffilled circlas), 0, = du x B Weak faramagnatism

1 anfifarromagnats dor examphe, LaCu,0, kayers) razuits from tha attemating
Dyaloshins i vactor, wharaas dweak) farmoalactricity can ba inducad by ha axchanga
SINICDON N a magnatc suradl ST, Wncn pUanas Nedaiie Jxpan Kns in ona diracion

Tanswarsa 10 he 30N cnain ormead by posithve Tansibon matal kons

Pe [[M-d)M-M(d-M)].

Mostovoy & Cheong
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Magnetism in metals

Free electron gas

2, 2 2 «\3/2
: hk h /3
No field:E="— E|:=*(37t2n)2 D(E)= 12 2”2' JE
2m 2m 2n°\ h

E

E. « Pauli paramagnetism, Landau diamagnetism
T l * Curie-like (Eg~KT)
« Spontaneous spin polarization (Stoner)
 RKKY

BDION
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H-0:

Paull paramagnetism

21,2
ke 1

E="" 1+ g,ugH
o 2goHB

1 EF
Ny == [D(E +pgH) dE
2 g
Er
JD(E) dE + ugH-D(EF)
0

Q

N

1(EF
Ny = (j)D(E) dE — pugH-D(EF)

Pauli: M =pug(Ny-Ny)

2
2 3Ny

=ug D(EF)H = H
ug D(EF) 2KTr

2
Landau (dia); M=- "8
2KTE

2
_Nug
) (e T
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Stoner magnetism

Spontaneous spin polarization

E

1 5E

BDION

If 1-UD(E. )] <Othen AE, <0 = Magnetic ground state

Happens for strong Coulomb and high D.O.S.

If spin split then 'internal’ field H = AM

Cost in kinetic energy : AE, :%[D(EF)-éE]-éE

Magnetizat ion :

n, = (n+DIE.)- )

M= (N, —n,) :/UBD(EF)'&E

Field energy

Total energy AE,, = AE, +AE,

JA\=

tot

1

:ED(EF).éEZ[l—UD(EF)]
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Stoner criterium

Exchange interaction

fl Density of States at E¢

In agreement with
Product J

Stoner criterium

Fe, Ni, Co ferromagnets
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Stoner magnetism

« If UD(Eg)<1 then still change in susceptibility
Total energy AE,, =AE, + AE —MB

M=uz(ny—n)) = :uBD(EF ) oE
L
. 1 D(EF)
Minimizati onw.r.t. M leads to
_ ,UéD(EF)
[1-UD(E; )]
Susceptibi lity y =M/H =MI(B/ 1)
— ILlOILléD(EF) zPauIi

*"T-uD(E,)]  i-UD(E, )]

AE [1-UD(E; )-M-B

= Enhanced susceptibi lity
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Energy

Conduction electrons

4s-pand

DOS

Ni 3d84s?

Net magnetization
due to d-band:

(5 — 446)“8 = 054MB
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Energy

Conduction electrons

4s-pand

DOS

Cu 3d104st

d-DOS at E¢ is zero
No net magnetization
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RKKY Interaction

r Thickmness (layers)
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RKKY Interaction

Oscillatory Magnetic t:m.pllng
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Figure 38, Magnetic oscillations at Fe/Mo/Fe( 100) trlayers determined by the SMOKE
(Qiu et al. 1992b). (a) Hysteresis loops characteristic of parallel and antiparallel
coupling (top and bottom). H. is the magnetic field required to force antiparallel
layers parallel. Adding just slightly more than a monolayer to the Mo spacer reverses

the mignetic orientation. (b Altemﬂtmg antiparall el and parallel coupling i arrows
and baseline respectively).
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Spatially varying fields

« RKKY Interaction (Ruderman-Kittel-Kasuya-Yosida)
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Ferromagnetic magnons

Magnetic energy (Heisenberg) U=-2J Zéi '§i+1
i
In groundstate (classical S) Up = ~2INS?

First excited state ? ) U=Ug + 8JS?

No !
share spin-flip
with all = Magnons




