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Last time

Crystal fields

d,f electrons

angular momentum quenching
p-d interactions, splitting of levels
Spin pelerls

Jahn Teller

Charge, orbital, spin ordering
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Today

Last time

Introduction, environment

Ch.1: 2.1-2.5: 8.9;: 3.1

Today

Environment, interactions

3.1; Ch.4; 7.1-7.7
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Octahedral field

<P

Jahn Teller distortion

417 3,
3dxz,3dyz,3dxy<

+— 3,3,

Tetragonal distortion

Mn3* : 3d4
Energy gain due to
lowering e orbital
Cost: elastic energy
Strong e-p coupling

Does not work for Mn4*
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Jahn Teller effect

* Dynamic
Fluctuations x,y,z distortions (e.g. cubic perovskites)

» Cooperative
L attice mediated

LaMnO; : T > 800 K Cubic, below that tetragonal
KCuF; : Orbital ordering (z%-x# and z2-y? orbitals)
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Spin and Orbital ordering

KCuF; : Orbital ordering (z2-x? and z?-y? orbitals)
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Murakami et al. PRL 1998
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Charge and Orbital order

Charge, Orbital, Spin order in La, :Sr, :MnQO,

La__5Sr E|Mr|(3 N Peak Intensities

0571,

a0 200
Temperature (K}

100 150 200
Temperature {K)

FIG. 4. Temperature dependence of the (a) charge and (b)
magnetic order. Inset in (a): Resistivity vs T.

dic;aled"h}. upward arrows. II ’ . Mn3+: 3d4 t 3e l’ S=2
Moritomo et al. PRB 1995 Sternlieb et al. PRL 1996 M 3gs Etizs, gS=3/2))

Magnetism — SS19 — Lecture 3 — PvL — 7




Interactions



Interactions

Dipole — Dipole

Direct exchange (H, molecule)

Indirect exchange

Double exchange

Anisotropic exchange

Rudeman Kittel Kasuya Yoshida (RKKY)
Stoner (“spontaneous Pauli”)

Ch.4&7.2,7.3,7.7
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Dipole-dipole interaction

Dipole-dipole interaction is an anisotropic interaction

_ Ho fiy - fip — 3(y - €12) (i - €12)

E
AT >

E~10*J~1K for rzz,&andy:yB

In real materials: T, ~ 102 - 103 K !l

—> Dipole-dipole interaction hardly ever dominates
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Reminder H, molecule

« LCAO gives wrong solution (e.qg. triplet ground state)
« Correlated picture (Heitler-London approach) is better

— Starting point: two electron orbitals |¢,(1)¢,(2))and |¢,(2)4, (1))
— Wavefunctions

P, - %[qﬁa W4 ) + 4.2, O]

L [4.04,2 4,80
— Spin parts \/_

N)-[1))
Ly
MY+ [ 1)
W)

Xs = \/*q

N

A1 = %q
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H, molecule

» Singlet ground state
» Exchange energy: Pauli + Coulomb

2

h
H == (V2 + 75 + V(1) + Vg (2) + Ve(1,2)

2 82 62 62

e
V.(1,2) = + — —
¢ Iy = 12| |Ry — Ryl |y — Ryl |y — R4l

Es — Er = 2{¢pa(D)$p (2) Ve |0 (2)pp (1))

( 3
= —J for the spin singlet

3
—2]  —— >

H=-2J8 -5, = -

| | R
\—2] i _EI for the spin triplet
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Exchange interaction

» Heisenberg Hamiltonian

H = —2 * Z’i’j]i,jSi y S]

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

Need direct wave function overlap

— Often ferromagnetic

— Small In 4f, 5f elements
— Can be important in 3d oxides (but see indirect!)
— In 3d metals: electron delocalization

I I

A

— 41

oy

Oxide: ferro

 Relatively small

!

A

‘hopping’: ferro

_?7 -

;i

\4

SRS

EF

\4

‘hopping’: antiferro

« Depends on orbital occupation and geometry
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Pt

Al‘/\Alr\
e 71l
[ B E

Examples: High Tc’s; MnO; MnF,

Indirect exchange

Ground state antiferro

‘2*hopping’

Pauli forbidden

Hopping -
delocalization =
energy gain

Energy: 2 double hops = (2t)% cost=U
= J ~ -4t3/U
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90
angle

180

Indirect exchange

Hopping - delocalization - energy gain
Energy: J ~ +4t2/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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(S1,.L2,C2)1,CU5,04

J,;=130 meV
J,=70 meV

Eccleston et al., PRL 81, 1702 (1908) [L2-32 M€V
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La,Ca-Cu,,0,,

24741

La,Ca,Cu,0O P :

© 20 40 60 80 100120 140
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Mixed valence
Usually ferro metal
Relatively strong

La,  Sr,MnO; (Mn3*/Mn4*)
Fe;O, (AB,O,, Fe2*/Fe3*)

Double exchange

Mn3+ Mn4+

La,_ Ca MnO,

Temperature (K)
=
=

04 0.6
Ca Concenltration X

La-Ca-Mn-0 Film
at110K PM-l paramagnetic insulator
FM-M ferromagnetic metal
FM-I ferromagnetic insulator
CO-l charge-ordered insulator

CAF-I canted antiferromagnetic insulator

Fujishiro and co-workers

H (Tesla)

Figure 1. Resistivity versus field curve for the
La-Ca-Mn-O film at 110 K.

CMR In para phase close to T,

curie
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Anisotropic exchange

Dzyaloshinsky-Moriya interaction
Mixing In of excited d-states

_S coupling in excited state

f spins inversion symm. related then O

- -

~orm different from Heisenberg: D - S; x S,

—avors perpendicular alignment
Examples: a-Fe, 05, MNnCoO;,
In AF’s leads to net moment - weak ferro (canted AF)

\YAVYAY
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nature materials | VOL 6 | JANUARY 2007 |

tHacts of Deyalashinek-Moriya imeraction

Wiaak farmamagnetiam {Lalu,0,)

oo - 47N e TN, AN w,

= pyle

Visalk lErmoslacticity (AMnly)

J}F:ca-_xll

A

Fgure § Effacts of the antisymmaetric Dzyaloshinski=Maoriya interaction. Tha inieraction

My = D, - [8, = 8. Tha Dzyaloshinskii vactor D, is proportional 1o spin-0rbit coupling

; e i -
pnstant A, and depands on fhe position of the axygen lon {open circle) betwaan two
magnatic transition metal lons f 1,0,y = Axt = B, \Waak famomagnatism

n aniifarromagnats for axampla, LaCu,0, layars) resuits from the altamating
Dzyaloshinskil vector, wheraas jweak) famoelectricity can be induced by tha exchange
striction in 2 magnetic spiral staie, which pushes negative axygen kons in one direction

S g ey oy S omy s e ey e S L G - lal i a el g b
Tanswarsa 10 ma 50 onamn mrmed Oy DoSive Tans ald

Multiferroics

Pec [([M:-0)M-M(o-M)].

Mostovoy & Cheong
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Skyrmions

Bloch skyrmion

Skyrmion Iattice

Christoph Schitte and Markus Garst Achim Rosch, Nature Nanotechnology 8, 160-161 (2013)

Phys. Rev. B 90, 094423 (2014)
Phase diagram

AFM coupled
anotrack

TPFMIV mn!m
p neulating spac )

Bottom FM layer| IIIIIIII]

——
Heavy metal | “Grarse current

Coherent excitations

Detector

1?8, [arb.units]

C

1’2 0 =

B /4 fupdarefdele!eﬁnse

, trMOKE signal

Zhu et al. (2018)

56 56 57
T

P. Padmanabham et al., (2018)

R. B. Versteeg et al., PRB 94, 094409
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