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Exchange Interaction in Transition Metal Oxides Insulator
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Theoretical Approach

(1) Local quasi-particle including all the influence of diamagnetic lattice

(2) Exchange Interaction between quasi-particles as perturbation

Semiempirical Approach
(1) Nearest-neighbors approximation in Ligand field theory: molecular orbitals or covalent bond

(2) Semiempirical rules to determine exchange type between two neighbor magnetic ions:
Goodenough-Kanamori Rules



Semiempirical Approach

Step 1:
Ligand Field Theory » d Energy Level splitting

» 3d Spin Configuration

Step 2. "

Local symmetry(Goodenough-Kanamori rules)

» Partial Bonds between » Spin Order(Magnetism)
Cations



Early Empirical 180 Rule: MnO, FeO, CoO, NiO, CuO...
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t,t': spin ground states; u, u’: spin excited states;
H": transition term; H¢*: exchange term
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H. A. Kramers, Physica 1, 182 (1934) AV: Coulomb interaction between d spins on the same site

P. W. Anderson, Phys. Rev. 79, 350 (1950)



Early Empirical 180 Rule: Spinel Ferrites AB20s, Difluorides MF,




Crystal Field Splitting: lonic + Covalent
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Goodenough-Kanamori Rules

A. When the two ions have lobes of magnetic orbitals pointing to
each other in such a way that the orbitals would have a reasonably

AS sum p t| ons.: large overlap integral, the exchange is antiferromagnetic.

1. The conservation of spin angular momentum (@) When the lobes are d%z-type orbitals in the octahedral case,
particularly in the “180 position” in which these lobes point

In the process of electron transfer, virtual or real. directly to a ligand and each other, a particularly large

2. The Pauli exclusion principle superexchange s obtained
(b) When d,,, orbitals are in the 180° position to each other, so

that they can interact via pm orbitals on the ligands,
antiferro-magnetism is obtained

3. Intraatomic spin-spin exchange is ferromagnetic

4. Double exchange )
(c) Ina 90 ligand situation, when one ion has a d 2 occupied

N and the other a dy,, , the p7 for one is the pa for the other

- and strong overlap and thus antiferromagnetic exchange are
expected

NMn
. When the orbitals are arranged in such a way that they are

g > u
A
expected to be in contact but to have no overlap integral-most

notably, ad,z and adyy in 180° position, where the overlap is
B @@ zero by symmetry-the rule gives ferromagnetic interaction which
usually is not as strong as antiferromagnetic one.

C. Electrons of anions can transfer into empty d orbitals of cations.
The spins of transferred electron is parallel with the spin of the

[ s’_% Iess—than-ha|f fUIl cation.
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Goodenough-Kanamori Rules A.(a)&(b)&B: LaFeO,, d>
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Goodenough-Kanamori Rules A.(b)&B&C: LaCrO, SrMnO, d*

Cr3*, weak field } } 4|7 Mn**, weak field 4|7 4'7 +

F1c. 1. Magnetic lattice for x=1; type G.




Goodenough-Kanamori Rules A.(a)&(c): NiO, d®
! |
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Study about Mixed-Valence Hexagonal Mangnites
Laq_, S, MnQO4
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FIG. 1. Phase diagram for La, _,Sr,MnO;, 0=x=0.20. Experi-
mental points above 310 K taken from the literature; 7, and two
values of 7', for x=0.17 taken from M(7T); two values of T, for
x=0.15 taken from C,(T); all other points taken from Fig. 2.

Goodenough & Zhou, et al. PHYSICAL REVIEW B, VOLUME 64, 144414



Supplementary



Molecular Orbital, Bond and Hybridization



Molecular-orbital Theory €
Molecular Orbital, Bond and Hybridizatior @ \

MO: In molecules, a single electron moves in an
averaged field of the nuclei and other electrons and
its motion is described by a MO.

P4 e” Pp
Hartree-Fock Method: Self-consistent Field Theory

Assumptions: LCAO: [P) = C4l@a) + Cplop)
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Molecular-orbital Theory
Molecular Orbital, Bond and Hybridizatio

Anti-bonding MO
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Hvbrid Orbitals and Geometry

Atomic Orbitals | Hybnid Orbitals Geometry Example
Used Formed Compound
s.p Two sp orbitals
co,
Linear
spp Three sp” orbitals
S0,
Trigonal Planar
S.pP.p Four sp’ orbitals
1055
GeCl,
Tetrahedral
sp.p.pd Five dsp’ orbitals
90° an
PCls
Trigonal B p\rranndal
s.p.p.p.dd Six d’sp’ orbitals
Mo(CO)s




Molecular-orbital Theory
A Naive Bond Model of MX¢(0y,): o bor *
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Kanamori’s Summary



Kanamori’s Summary

Table 2. The 180° interaction between cations in octahedral sites

Number of 3d- Species of Total super-
electrons of interacting Relevant bond and Resultant superexchange exchange .
interacting cations mechanism interaction interaction Table 5. The 90° interaction between cations in octahedral sites
cations
|
3_% 1 ! i
- g'g 'ié\:{’?h U-b;xm((i}a?{i—;bsond Antiferro Antiferro Number of 34- Species of | Total super-
P ! ) ) electrons of interacting Relevant bond and Resultant superexchange | exchange
o-bond interacting cations ‘ mechanism . interaction | interaction
df-g8 Nigt-Ni2t A, G,A-H,S8 Antiferro. Antiferro. cutions ;
d5-ds Mn2+-Mn2+ a-bond d8-d® Ni2r-Nj?+ po-dy bond i
Fe3t-Fe3t A, G,A-H, S Antiferro. A G l Ferro. i
m=bond S ' Uncertain Ferro.
G, A-H, S Antiferro. (weak) Antiferro. s-dy bond |
m-bond A G A-H'S Antiferro. 5
A Unecertain (weak) |
d5-d5 Mn2t-Mn2+ Uncertain |-
dé-d* Niz+-va+ o-bond and 7-bond | Fe3t_Fed+ :
A, G, AH,S Ferro. Ferro. | f : i
d5-d3 Felt—Crdt a-bond o e | po-d:{' a(r“;d f;f;fes Ferro i
» ’ ’ N .
ﬂ-bﬁ}uc(l}’ A-H, S Ferro. pr-de and s-dy - Ferro.
G, A-H Antiferro. (weak) Ferro. A, G, A-H, 5 : Antiferro. (weak)
"'-bOﬂdA s Uncertain {weak) as-a? Ni#r-va+ | po-dy and po-de¢’ i
N A, G, A-H ! Antiferro. :
dt-d* Mn?3+—-Mn3+ * S Uncertain (weak) : Antiferro.
pr—de’ and s—dy, s—dy’ ‘
d8-ds FeO a-bond . A, G, A-H Ferro. (weak) |
A G A-H, S Antiferro. Antiferro. - | D T ) o l -
7-bond Uncertain (weak) R T emoe o ITmrIITIT e v TUToL Gl miineo Lo Zhmoloun LS T L LT I
* Tendency towards antiferromagnetic interaction with decreasing number of 3d-electrons.
d7-d? CoO o-bond
A, G AH,S Antiferro. Antiferro.
#-bond t

* Depends on the direction of the line of superexchange.
+ Weak, but dependent on the direction of the line of superexchange.

A =ANDERSON's mechanism, G=0G00DENOUGH's mechanism, A-H = ANDERsON and HASEGAWA’s mechanism, j. Kan am OrI’ Phys' an d Ch em. Sollds 1 0, 8 7 (1 959)

S =81ATER’s mechanism.



