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Basic Magnetism
1. Paramagnetism and Diamagnetism (macroscopic)

external magnetic field H

N
( B ) B, B
S
diamagnetic paramagnetic
sample sample

—

B: magnetic induction (magnetic field intensity inside sample)
B=H+4zM
M: intensity of magnetization (magnetic moment & / unit volume)

Bi < Bo Bi > Bo

Bi = * B, U relative magnetic permeability
<1 u>1

Bi=B,+ B

B'= 1B - volume susceptibility (unit less)
<0 x>0
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measurement: Faraday balance, SQUID, ...

Im . molar susceptibility

mes _

ara dia
A= 0+

™ from tables, Pascal’s constants

para _

I _mees - I

dia

2. Paramagnetism
2.1. Microscopic interpretation

¢ must relate macroscopic susceptibility to the magnetic dipole
moments i of Na molecules

classical
no H H >
N N
7N SN
o orientations E=-pH
oo states of same
E A energy E(© @ — +uH
0 — Boltzman
e —— distribution
® — -pH
¢ total energy of system lowered by external magnetic field
__oE
oH

— sample attracted into field
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guantum mechanics
¢ molecule with energy levels E, (n =1, 2, ...) in the presence of
magnetic field H — microscopic magnetization pn

9B

Hn = 9H

macroscopic molar magnetization My, by partition function:

(no approximation)
z (_ aEnj . exp(_ En)
n oH KT
Mmn=Nga
> exp(— E”)
n KT

_dMp,
Am= 9H

in a weak field: y is independent of H

M
Zm:—Hm

2.2. The van Vleck equation

approximation: E,= Er(,o) + Er(,l)H + Er(,Z)H 2 (+..)

oE
0 . g@ (2) 1y 2
Z(— EL —ZESZ)H)'exp(— En” +Ef"H +EfH j
M.o=Na_ KT
2. - KT
n
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further approximations:

H
. E((l

¢ exp(x)=1+x for x{(1

. O
¢forH-0 = M0 SE®)exp - & “1-1=0
n

¢ EPH?=0

o EPEY =0

2
ES (2) ES
—h__ogl4) |. _
% KT U e

Mp=H-Nu-

(0)
Zexp[ En

12 (0)
> Ei —2E{? | exp| - En
~| KT KT

Zm:NA' (0)

KT

Zexp[

e need energies of the system under investigation

e plug into equation (Van Vleck or - better - the partition function)

e calculate ym

e compare to experiment and gain insight into the electronic
structure of the system under investigation
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2.3. S =% system, Zeeman effect, Curie law

free electron spin S =1 ms = +1/2, mg = -1/2,

A=
B

<

i
=. _ =2
mg =-1/2 determined: ‘S und S,
E=-12p39gB
undetermined: Sy und Sy
- mg = 1/2
H E=12p59gB
~ ~ SZ‘S,ms>:ms‘S,ms>
H=1g0gBS,

S?|S,mg)=S(S+1)[S,mg)

~ 111 1111 11 1
BS, =~ )=uggB*=|=,~ . ~ Uz QB
Hp gbo, 5 2> prizye 2‘2 2> 5 2> 2#39
~11 1 1/1 1 1 1 1
BS,|=,——)=ug9B*| -~ |Z,~=) |22 ~~ 9B
H“BJ Z5 2> M9 ( 2)‘2 2> 5 2> 2#89
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E=—n-B

E mg=+1/2 \u=-1/zg Mg
£0) H=-Hs
me=-1/2

S /M=1/29HB
H U= Ug

¢ E,=MguggB plug into Van Vleck equation

()2 (0)
Y 5 —2E{? exp—En J

n KT KT
Xm=Na (O)
ex
Z . kT
En = EIgO) + E|§]1)B + E|§]2) BZ : E|§]O) =0, E|§]1) _ MS,UBg, Eigz) -0
+S 5
N > (Msupg) i
A M =-S . 1
= ' usin [ 2n+1(n+1)n
TR 2541 J |—Z_n 3(2n+1(n+1)
Na ? C Nao 2.2
ZBkT'UBg( )T 3k,uBg( )
Curie law
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¢ effective magnetic moment, ff:

‘;e;f - /N 3‘; 7T =2.827915-[1 T = ge/S(S+])
A HMB

spin-only !

¢ graphical representation calculated for S =% and g =2.00

800
5 0.15}f 3 600 |
° :
= 0.10f - B
§ & 400
T
0.0S‘L T 200 |
0.00 I i ) L I 0 ] ] ] ] ]
0.0 50 100 150 200 250 300 00 50 100 150 200 250 300
T/IK T/K
1.0 3.0
0.8
20 r
06 o
E ~
% 04t 3
- 1.0
<02
0.0 ] ] ] ] ] 0.0 1 1 1 ] ]
0.0 50 100 150 200 250 300 00 50 100 150 200 250 300
T/IK T/K
S 4T /cm® K mol™ Ueit | Us
1/2 0.375 1.73
1 1.000 2.83
3/2 1.876 3.87
2 3.001 4.90
5/2 4.377 5.92
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2.4. Saturation effects and Brillouin function

¢ general isotropic system with spin state S

E=McuggB plug into the partition function for M,

z M S exp(_g'uBBNIS)

7 N M kT
m=—NaQUp :
Zexp(_ g;uBBMSj
M. kT
My = NagugS- Bg(X) with x:gﬁ—_'?B
S+1)coth|x|S+1)[-Lcoth(X
25 S=5/2
2.0 F S=2
=1
(@) B _
= 1.5 S=3/2
EE 1.0 | S=1
0.5 S=1/2
0.0 1 ]

| 1
00 1.0 2.0 30 4.0
ugB | KT

¢ low x values: linear - Curie behavior
Note: Curie law: M, =< B

¢ high x values: saturation - only Ms = - S populated
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2.5. Zero-field splitting: SO coupling in system < cubic
symmetry

A
//_= mS =+ 5/2
Q 4D
S| S=5/2
2
0 = m =£32
2D
L me=+1/2

¢ zero-field spin Hamiltonian

~ ~

A =D(82 - %(S(s+1))+ E(S2-§2)

¢ combined effect of so coupling and symmetry lowering:

3 I's
ng e yamee (AR RRERREEREEEEEEEEERE < IA
Iy

10Dq
I *1
3A2g 2 R e — F5 iI: D
0, Hso*Hp, 4 0
- - o 81°A
from second order perturbation theory in ALS in Dgn: D=—-— 5
(10Dq)
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2.6. Temperature Independent Paramagnetism TIP

2. Order Zeeman effect

YOS = Py, dia (™" positive; 7" negative)

I =CIT+ ymp

amp  positive I and small

¢ Example: Cu" in octahedral symmetry

4k°Nug  4-0.64-0.261

=67- 10_60m3mol_1
10Dq 10000

ATIP =

with Nu§=0.261, 10Dgincm™ and yin cm®mol™ (cgs
emu)

compare to " ~ 1500 cm>mol™ at 300 K
¢ famous example: Co" I.s. (d°) yrp ~ 600 cm®mol™ (S = 0)

¢ Note: yrp Is temperature independent in y !!!!

effects on e

Uegs =2.828\y- T = 2.828\/; : ﬁ = const - ﬁ

for y7p = 600-10"°cm3mol

L = 2.828600-10"%cmPmol - T =125 bei 300K

10
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2.7. Complete treatment of mononuclear systems

H = g gxH xS +uggyH yéy + 1 9H S,
+DI82- 1(S(5+1)+ E(82-82)

¢ diagonalization of the spin Hamiltonian matrix
= energies
= plug into equation for yn,
= fit parameters to experimental y, vs. T

= interprete spin Hamiltonian parameters to gain insight into
the electronic and thus geometric structure of the complex

¢ magnetization measurements: effects of zero-field splitting

example: S =5/2,g=2.00

D=0 c:m'1
D = +1 cm'1
D=+3 cm'1

2.0

ugBIKT

D = 0 corresponds to Brillouin function

11
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¢ variable field - variable temperature (VTVH) measurements

1 1

D=0cm D=+2cm D=-2cm
7T
— AT
>0 00 10 20
ugB/KT ugBIKT

= In some cases, not only magnitude but also sign of zero-field
splitting accessible by bulk magnetization measurement

3. Intramolecular exchange couplings
3.1. Introduction

ex.. [Cu";(OACc)4(H20)]

12
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Ueii = 9+/S1(S;+D) +Sp(S, +1) =258for g=2.11

but experiment:
2.0

1.5

1.0

Meff / MB

05

00 ] 1 1 |
0.0 50 100 150 200 250 300
T/K

at 0 K no magnetization — must have diamagnetic ground state

antiferromagnetic cu' ¢ Sl s
coupling: T l R
S1=112 $=1/2
1 2 =0
. cd e E
ferromagnetic u u — $=0
coupling: T T 5
$1=112  $,=1/2
1 2 S=1

13
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3.2. Heisenberg-Dirac-van Vleck (HDvV) Operator

H=-235;S,

J < 0: antiferromagnetic J > 0: ferromagnetic

$=S9+%5+S-1../S-S)
St =S1+ Sy

St% = (Sy+ S ) =S4 + S, + 2545,
S(S, = %(St2 ~S% - 522) with  S2[S)= S(S+1)[S)
H=-2J5S, = -J (st2 ~ 5% - 322)

H[S;,S1,S2) = —J(st2 % —522)\st,sl,sz>= E[St,S1,S2)

E(St)=-J[St(St +1) - Si(S1 +1) - S2(S2 +1)]

E 4 S=1  E=-1/2J
S1=1/2 - L Sy=1/2
2J
— E=+3/2J

14
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30~ J=+10om
g 20 — J = O
5
=1 J=-10 cm’
1.0 F
00 1 1 1 1 1
0.0 50 100 150 200 250 300
T/K
0.15
S 0.10
e
()
S +10 cm™’
= 0.05
-10 cm™’
0.00

0.0 50

¢ General Spin-System

E(St)=-I[S (S +1)]=-I[S? + ]

100 150 200 250 300
TIK

E(St+1)=-J[(St+ (S + 2)]= —J[(st2 +3S; + 2)]

AE = E(S +1)- E(S)= -3[S2 + Sl - () + 35 + )]
- 3ls? 5 - 52 -3s 2] 3l 25 - 2]= ~23(5 +D)

Lande Interval-Regel

15
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y splitting is not equidistant, but increases with increasing St

¢ S;=5/2and S, = 5/2 (Fe" - Fe") spin system

_5,55,5_ 5_5
I=5+555 L""‘z 2

=5,4,3,2,1,0

E(St)=-J[St(S +1)]

E(St=0)=-J[0(0+1)]=

E(St =1)=-J1(1+1)]=-

E(Si=2)=-J[2(2+1)]

0

2J
-6J

E(S;=3)=-J[3(3+1)]=-12J

E(Si=4)=-J[4(4+1)]=

-20J

E(St=5)=-J[5(5+1)]=-30J

-30J

-20J

-12J

-6 J

- — St:5

- — St:3

- — St:2

- — St:_']_
- — St:O

spin ladder

16



Basic Magnetism Thorsten Glaser, University of Minster

¢ ex. Fe" - O - Fe" dimers (g = 2.00)
Q 9,
8.0 f J=0
L 60f
=2
B 40t -50 cm”!
-100 cm’’
2.0}
-200 cm’’
0.0 I ! !
0.0 50 100 150 200 250 300
T/K
- OH, bridge J~-2cm*
- OH’ bridge J~-10cm™
- O bridge J~-100 cm™

Magnetism - Structure - Relationship

Why ? = mechanism of interaction
17
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3.3. Bleaney-Bowers Equations
B. Bleaney, K. D. Bowers, Proc. R. Soc. Lond. 1952, A214, 451

Goal: equation for calculation of y, as function of J and T,

simulation of measured temperature-dependent
susceptibilities by using e. g. Excel

van Vleck equation: note: II<_|_T<< 1m

e.g.: cu'cu" dimer

E A 4
n= —_
B2 T ST
S §=1 el n=2 ST
: MS=-1
S1=112 S5=1/2 .

2J
LES0 et peso

St=0

HDvV > Zeeman g

E,=EQ +EVH +EPH?

18
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2
ES 2 ESY
——-2E -exp| —
% kT " kT
= Nj-
exp —
2P T
E,_,=0+0-uggB @ =0 e, =
E,_,=-2]-1 upgB QD =21 EW, =—upg
E,_5=-2J-0 /0B Q. =23  E®, =0
E_, =—2J+1 uggB QD =23 EY, = ugg
2.2 2.2
()b 5 o2 o2 5 o2

Xm=Na-

Uk kT kT kT
2.2 | 2.2
5 ol i)
KT KT KT KT
Im=Na- -
1+3-exp(i_‘|]_j
2] Bleaney-Bower equation for S; = %2,
5 o |2 exp(j S, =Y system; other spin systems:
Naug~g KT ,
Xm= T : 5] C.J.O’Conner, Prog. Inorg. Chem.
1+ 3-exp(k_rj 1982, 29, 203-283

19
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4. Super Exchange Mechanism
4.1. Fundamental Considerations

interactions between paramagnetic centers

N

through space through bonds
dipolar spin-spin electrostatic
interactions interactions
(magnetic interaction, (not a magnetic interaction
relative small, r*, <1 cm™) relative large, 1 — 200 cm™)
super exchange direct exchange
through overlap direct overlap
of metal d-orbitals of metal d-orbitals
with orbitals

of the bridging ligands

20
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model compound: cu'(A) cu'(B)

L\CU/B\CU/ L
VAN

A
.

active orbitals (contain some ligand character)

neglect all other orbitals (active orbital approximation)

4.2. Anderson Model

orthogonalization of the two localized orbitals ya and yg:
a b

21
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e ground state configuration:

ac
2 k
3Ge

"Hund’s in the molecule": ferromagnetic interaction as in O,

e charge transfer excited configurations
excited configurations by intramolecular electron transfer

A b . A,
Y

Cul Culll Culll Cul

— these configurations are — of course — at higher energy
— there are only singlet configurations

— turn on electron-electron Coulomb repulsion

— symmetrize

22
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1
— Iy
1Fg
aa oder bb .-
~ . 1Fu
1Fu
U
1
Iy -
Y \
GC —<_ ¢ 2k .
ab ~ 3 _\‘_‘_ Fu >-
Ly N 2]
\‘_ 1rg y.

J=1J ferro T Jantiferro
2
Joak AP

/ ; \
potential exchange

. transfer intergral:
other through bonds

/6:<\PA‘Q‘\PB> mit \PA ‘A°—B

Y5 A-B°

kinetic exchange

transfer of an electron from one site to the

23



Basic Magnetism Thorsten Glaser, University of Minster

> the stronger the bonds, the larger g, the larger the

antiferromagnetic contribution

o< —S

S: overlap integral

» are the magnetic orbitals orthogonal - S=0— =0

only ferromagnetic contribution remains

4.3. Goodenough-Kanomori-Rules

1. The overlap of magnetic orbitals of two metal centers with an
overlap integral S # 0 yields an antiferromagnetic interaction.

2. Are the overlapping magnetic orbitals orthogonal, the overlap
S = 0 and the interaction is ferromagnetic.

3. The non-orthogonal overlap of a magnetic orbital of one metal
center with a filled or empty orbital of the other metal center
yields a ferromagnetic interaction

4.4. Kahn’s Model of the Natural Magnetic Orbitals NMO'’s
— exchange interactions represents the limit of weak chemical
bonding

— the chemist like to explain chemical bonding by the overlap of
localized orbitals

— orthogonalized magnetic orbitals are not localized
24
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natural magnetic orbitals:

A X B
A—X X—B
NMO a is the singly NMO b is the singly
occupied MO occupied MO
in the AX fragment in the XB fragment

Exchange coupling arises of overlap of NMO'’s:
<4+—

— ET excited states of Anderson’s model energetically too high
(e.g. Cu'cu", Fe"Fe'); here: ground configuration phenomenon

J=2k+4/4S

— strong antiferromagnetic coupling would need lower energy
excited states

25
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Basic Magnetism

4.5. Examples
Fe-OH,-Fe systems

O2p
26

J=
Fe 3d
_—
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Cu(OH).Cu
magneto-structural correlation

Hatfield and Hodgson

H N T 2+

\ e

VAN
Cu(OH),Cu complex Cu-O-Cu/° J/cm™
[Cu(bipy)OH]2(NO3), 95.5 +172
[Cu(bipy)OH]2(CIO,), 96.6 +93
[Cu(bipy)OH]2(SO4)5H,0 97 +49
S[Cu(dmaep)OH]2(ClOy); 98.4 -2.3
[Cu(eaep)OH]2(CIlOy,): 98.8; 99.5 -130
[Cu(2miz)OH]2(ClO,4)22H,0 99.4 -175
o-[Cu(dmaep)OH]2(ClO,), 100.4 -200
[Cu(tmen)OH],(ClO,), 102.3 -306
[Cu(tmen)OH]2(NO3), 101.9 -367
o-[Cu(teen)OH]»(ClOy), 103.0 -410
SF[Cu(teen)OH]2(ClOy,): 103.7 -469
[Cu(tmen)OH],Br; 104.1 -509

27
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200
100
0
"= -1004
O J
= 200+
-300-
-400 -
-500 -
-600 — T
94 96 98 100 102 104
Cu-O-Cu/-°
J=-7T4a+ 7270
J=0 for o = 97.5°
J<0 for a > 97.5° antiferromagnetic
J>0 fora < 97.5° ferromagnetic

J=2k+4/4S

®=90° 4pS=0 J=2k

o I = 44S 1 = stronger antiferromagnetic contribution

28



