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1) Introduction and definitions

‘3‘ &# The magnetic moment of a free atom has three principal
: Q sources:
{3 :‘ :%, a) the spin with which the electrons are endowed
ip ?_,‘.' R b) their orbital angular momentum about the nucleus
A c) the change in the orbital moment induced by an applied
magnetic field.
Electro u
\ a) and b) lead to paramagnetism (part 3) and c) to
"_' diamagnetism (part 2)
C. Kittel, Introduction to Solid State Physics, Wiley Ed. I
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1) Introduction and definitions

h ()
e 0. General relation between: ~ o
0 '%' - B: the magnetic induction B= uO(H + mV)
H - - H: the magnetic field
17 "’é%" - my: the magnetic moment defined per volume and Ly is the
;p;,.. permeability of free space
S 2 - M: the magnetization is defined as the magnetic moment

defined per mol.
In simple magnetic systems (paramagnetic or diamagnetic), my is negligible

in comparison to H then: E = uof—]

Unit systems: Sl versus cgs st = oX

cgs

| cgs (Gaussian) Factor S| (MKSA)
H Oe (Oersted) 1/(4m 103) Am-?
B G (Gauss) 104 T (Tesla, NA"'Tm™)
M cm30e/mol or emu Oe/mol || 41t 106 J/T/mol (AmZ/mol)
Ho 1 41 107 N/A2
J.D. Jackson, Classical Electrodynamics, Wiley Ed.
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m 1) Introduction and definitions |, _, .. .. 0=,
- uB=9.27410 102" J.0e™!

General definition of the magnetic susceptibility (in
cm®mol): oM

A on

When the field dependence of the
magnetization is linear (simple
paramagnetic or diamagnetic
systems for ksT >> ugH, small
field  limit), the magnetic
susceptibility can be simplified.

Magnetization

For a material, the magnetic susceptibility is the sum of
all the magnetic contributions:

z In simple systems, it exists two types of
X=2.% contribution: from the diamagnetism and the
paramagnetism
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2) The diamagnetism

All the descriptions will be done for localized spins (insulator systems)
Diamagnetism is a property of ALL atoms in molecules that
is created by either paired or unpaired electrons.

Lenz law: “when the flux through an electrical circuit is
changed, an induced current is set up in such a direction as
to oppose the flux change”

Diamagnetism: “when a magnetic field, H, is applied on a free atom, an
electrical current around the nucleus is induced generating an opposite local
magnetic field to H. The associated/induced magnetization is thus opposite
(M < 0) to the applied magnetic field.”

Therefore, the diamagnetic susceptibility is always negative:
M
Xia =7 < 0
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2) The diamagnetism

A diamagnetic material is composed only of paired
electron otherwise the magnetism is dominating by the
unpaired electrons.

:‘“‘ o An example of an organic molecule:
: TCNQ (7,7',8,8'-tetracyanoquinodimethane)

NC : CN
NC CN

0, 0
-0.0001 —— 5 1
T X ==9 107 cm’/mol E 2
jé -0.0002 8 3
z {
£ -0.0003 5 4
x o
< 5
-0.0004 |
1000 Oe ©
0.0005 bttt gt
50 100 150 200 250 300 0 20000 40000 60000
T (K) H (Oe)
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2) The diamagnetism

m =9.10956 103! kg
€ =2.997925 10° m.s!
e =1.60219 10"°C

How can we estimate the diamagnetism?

For free atoms, the calculation is possible based on
the Larmor theorem that leads to the classical
Langevin result: N, Ze’

_ 2
Xpia =~ 2 <r >
6mc
Zthe number of electrons, N the avogadro number, e the electron

charge, m the electron mass, ¢, the speed of light and <2 the
mean square distance of the electrons from the nucleaus.

C. Kittel, Introduction to Solid State Physics, Wiley Ed., p. 418. I

but more generally the diamagnetism is estimated from the so-called
Pascal’s constants:

Xpia = 2%&, + Zﬂ,i Xpi and A; are diamagnetic susceptibility
p p for every atom and bond, respectively

G.A. Bain, J. F. Berry, J. Chem. Edu. 2008, 85, p. 532-536 l
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2) The diamagnetism

Pascal’s constants:

G.A. Bain, J. F. Berry, J. Chem. Edu. 2008, 85, p. 532-536

i e | An example: Tabl 1. Volves of 5, for Abos in Covolent Spacies
% : T/l X104 2105 T g AR08
oyt : 1 I
g tj' 1 TCNQ e amumaby)  Mo" romot] MO Y ma)
Ag 524 42 S -15.0
Al -13.0 Ca -159. -100 Shim) 740
NG CN sy 209 a -201 461 So 230
Asv) 43.0 F 63 -5.57 Si -13
- S L] 7.0 o 293 ©.2 Sav) =30
B 1920 Hagl) -33.0 46 T -37.3
NC CN B ~306 | 446 263 i 400
C - 6.00 X -18.5 -46.0 n -13.5

Zoia = 62p(Crng) + 62 (C) + 47, (H)
+4x,(N)+24(C=C)
+A(benzene) +4A(C=N)
6(~6.24) + 6(-6)
+4(=2.93)+ 4(=5.57)

Tla2(#5.5)+ (-14)
4(0)

=-97.8x10° cm*/mol

A x104]
omu mot'] |

+8.0
+1.0

6

X =—9 107 cm’/mol
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2) The diamagnetism

Pascal’s constants:

e

Toble 4. Vabvesof 1 for Commen Uigands

|

CHiCHOCHCHy
Pentorm

oDichlorcbenzene
Benzene

2) The diamagnetism

4l
| >4
¥

)

i

it

Pascal’s constants:
An example:
Cuz(OACc)4(H20)2
X =2Xp (Cuz*) +4y, (OAC')
+27,(H,0)
[ (_11)+4(_31'5)]x10*

+2(-13)

%gfghhuti

Phdbiasetyre sl

3
B

LT 5L

=—-174x10"° cm*/mol

Are the Pascal’s constant so
important? NO

behiiibboaatbbbabbbipat

Xbia = —@10‘6cm3/m01

A I A R e R A R R R R AR A A A SRR AR I AR LY f

Xoi(Cu,(OAc), (H,0),) =—399.3/2x10°°

FET T TEERTELTITIII0Q00999900900RQITRELTIRNIRIGL

kbksibibiobual

=-200x10"° cm*/mol
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3) The paramagnetism

ﬂ All the descriptions will be done for localized spins (insulator systems)

.

AR The magnetic moment of an atom .
it or ion in free space is given by: ‘[l =—gl,J
BE

g the Landé factor (around 2 in most of the case, 2.0023 for the free electron), ug the
Bohr magneton (ug=9.27410 102" J.Oe") and J the total angular momentum (L+S)

In this presentation, we will simplify the discussion by ,EL = _g‘uBg
considering only the spin contribution

The energy levels in an applied _
magnetic field H are (Zeeman effect): Ei = _/jl_ o [ = ml_g‘uBH

m;is the azimuthal quantum number and has the values S, S-1, .... -S

and therefore: (I, = —aEl./aH
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3) The paramagnetism

The magnetization is given by: M ZNZHiR

1

N, exp(—E,/kyT)

N Zexp(—Ei/kBT)

The probability to thermally populate an energy level, E;, is given by
the Bolzmann distribution.

with P, =

Therefore the magnetization is given by the van-Vleck equation:

2 Z.Ui exp(_Ei/kBT)
M=NQ2 upP =N -
g Zexp(_Ei/kBT)

Introduction to Magnetism... by R. Clérac Bangalore, India 2018 - 15 -
3) The paramagnetism
The simple case of N non-interacting S = ' spins:
| Energy H=guHeS
o y ms="%,E=gusH2
I"
=:‘ gusH
msg = X% “\
E;=mgu,H N ¥ms=-%E=-gusH2
/,Li:—é’Ei/aH H=0 H%0
The application of the van-Vleck equation gives:
v = 28Hs XP(3 81 H [ ky T) + 5 81 eXp(5 815 /K, T)
exp(—3 8H,H [k, T)+exp(3 guy H /k,T)
Introduction to Magnetism... by R. Clérac Bangalore, India 2018 - 16 -
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3) The paramagnetism

The simple case of N spins with S = :

o = N~ 38Hs XP(=3 8ty H /K, T) + 4 gty exp(3 gty H /Ky T)
exp(—1 it H [k, T) +exp(} gty H /&, T)

&

3
:r‘ d

38Nu —exp(=3 8k, H /Ky T) + exp(; gty H /K, T)
5 exp(—L gty H [k, T) + exp(5 gty H /K, T)

: —exp(—x)+exp(x) . :
= gNu withx =1 H/k, T
2800 exp(—x) +exp(x) ith x =3 gty H [y

= £ gNu, tanh(x)

M =1 gNu, tanh(} g, H [k, T)

The Brillouin function for S=1-

Bangalore, India 2018 -17 -
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3) The paramagnetism

The Brillouin function for S =2 (with g = 2):
M =1 gNu, tanh($ g, H [k, T)

M/ Nug

[ R

40000 60000 80000 100000
H/Oe
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3) The paramagnetism

The simple case of N spins with S = "2: the two limit cases
* The high field approximation gugH >> ks T or gugH / ke T >>1:
; M =4 gNp, tanh(} guzH /k,T)

! M, =% gN Uyl because tanh(x) =1if x >>1

i
&

e
¢ &

» The weak field approximation gusH << ks T or gusH / ke T << 1:
M =4 gNpy tanh (4 gupH [k,T)

~LgNy(+gusH /ksT) because tanh(x) = x if x <<1

~ 1 &’ NuzH [kyT

~CH/T

x=M/H = C/T|with C = g’Nu_ /4k,  The Curie law for S ="
note that Ny [k, =~ 3/8

Introduction to Magnetism... by R. Clérac Bangalore, India 2018 -19 -

3) The paramagnetism
The simple case of N spins with S = '2: the two limit cases
High field limit
~ 1
M =5 gNi,
1 1r
0.8 | 08
[2] 2]
Z osf 3 o06f
s o S oll
041 /' Low field limit v o
—2K
o2t/ M =~CH/T 0z —3K
0 : : : 0 : : : : :
0 20000 40000 60000 0 20000 40000 60000 80000 100000
H /Oe H/Oe
Low field limit
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3) The paramagnetism

{ |
s

T

M =gNu,S Bs(g[lBSH/kBT)

28 28

The two limit cases:
* The high field approximation gugH >> ks T or gugH / ke T >>1:
M = gNu,S

» The weak field approximation gusH << ks T or gusH / ke T << 1:

M = g’Nu,S(S+1)H 3k, T
=C4H|T

2 =M/H =C/T|with|C, = g*Nu; S(S +1)/3k,

Generalisation of the Brillouin function for a spin S:

with Bg(x) = 22; : cotanl{zs *1 xj— 1cotanh(2ls xJ

because tanh(x) =1if x >>1 and thus Bg(x) =1

because Bg(x) = %x ifx <<1

The Curie law for a spin S

Introduction to Magnetism... by R. Clérac
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3) The paramagnetism

The simple case of N spins S: the two limit cases

High field limit
M,, = gNu,S
1 e
08| 08 [
S 06 s o6l
= o4 | Low field limit = oaf ~
02 MzCSH/T 0.2 H E5K
L L L 0 L L L L J
0 20000 40000 60000 0 20000 40000 60000 80000 100000
H/Oe H/Oe

Low field limit
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3) The paramagnetism

The simple case of N

M = gNu, S B (g, SH/k,T)

ely
o) spins S (at 1 K):

e 6 %‘

sl "l' E
s 3
,"d' \“’ E

0
0 10000 20000 30000 40000

. . H/Oe

The Curie constants: C, = gzN/.tf,S(S+ 1)/3k3

Spins 0 Y2 1 3/2 2 5/2 3 712 4

Cc

(cm3K/mol) 0 0.375 1 1.875 3 4.375 6 7.875 10

Names singlet | doublet | triplet quartet | quintet sextet

cu',Co" co',
n

Introduction to Magnetism... by R. Clérac
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3) The paramagnetism

Isolated spins:
Examples for S =1 and 5/2 Curie behaviors

S,
@2%

,'f.t.:, 3 5 2T =1 em’K/mol then g =2.00
X
£t [Ni(pic)2(H20)2]
= 04 % y
x § < "
02 S =1 b
1000 Oe ol Ll
R T e 8 N
TK
o 6
4 T = 4.4 cm’K/mol ®
o
= - 4
v 8 Pl
= . s
§ - [Mn(pic)2(H20):] .
= £
S S$=5/2 g
1000 Oe N 18K
DO 50 100 150 200 250 300 0 20000 40000 60000
TIK HiOe
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3) The paramagnetism

The case of N interacting spins:
H= g‘uBZFI. S, _2‘]251‘ * gj

i (i,j)
J is the magnetic interaction between spin pairs
when J > 0, ferromagnetic interactions are present
when J < 0, antiferromagnetic interactions are present

55

4
e

C.:

The mean field approximation:
H = g, (H - 42J(S)) 25

1

Ei = f (mi ’H ’S 7Z‘] ) R. Boca, Theoretical Foundations of

Molecular Magnetism, Elsevier Ed., p 536.

The application of the van-Vleck equation gives:

exp(—E, [k, T
2ty exp(~E ks T) S(S+1)gu,H
M=NYuP =N - oM,
l. Y exp(~E, /k,T) 3k, T —22JS(S+1)

Introduction to Magnetism... by R. Clérac Bangalore, India 2018 - 25 -

3) The paramagnetism

The case of N interacting spins:

e S(S+1)gu,H
S Sk, T —2205(s +1)

And therefore the Curie-Weiss law is given by:

M S(S+l)gu,  C,
A T s T 2us(s+1) T-6

with Cy = g*Nu; S(S +1)/3k, (the Curie constant)
and 6=2zJS(S +1)/3k, (the Weiss constant)

Introduction to Magnetism... by R. Clérac Bangalore, India 2018 - 26 -
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3) The paramagnetism

Interacting S = 2 spins: Curie Weiss behaviors
with =-70 K

xT /em® K mol-!
x' /mol cm-

L L L L L \ 0 L L L L L | 0 fannnflnnnninanalaan lnnnalinnnflanang
0 50 100 150 200 250 300 0 50 100 150 200 250 300 -100 -50 0 50 100 150 200 250 300
TIK TIK TIK

Room temperature: y T = 2.43 cm3K/mol while C =3 cm3K/mol!
19% of Error! The room temperature xT is not the Curie
constant in a system with strong interactions

Introduction to Magnetism... by R. Clérac
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3) The paramagnetism

Interacting S = 2 spins: Curie Weiss behaviors
with 8 = +70 K

C; = GT
. 20
8s 70K T0K| e
s .
5 15 )
T, A5 [} ?
s E 5
E x °
@ o 10 [=}
§ 15 £ S
< K =
X = S
X 5
05 4
0 50 100 150 200 250 300 0 50 100 150 200 250 300 0 50 100 150 200 250 300
TIK TIK T/K

Room temperature: y T = 3.97 cm3K/mol while C =3 cm®K/mol!
32% of Error! The room temperature T is not the Curie
constant in a system with strong interactions
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5) Molecular magnetism
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M 4) Magnetic phase transitions
G 4 What is happening when the energy of the interactions
0 (21zJ1S(S+1)/3) is of the order of the thermal energy (ks T)?
3 ’:‘-.‘é%L Ferromagnetism
d‘.d' (‘,
Paramagnetism
A\
N T
N J>0
[} T =20J|S(S+1)/3k,
J<0
H=gu, > H5,-2/3.5,°5,
’ 7 Antiferromagnetism
Introduction to Magnetism... by R. Clérac Bangalore, India 2018 - 30 -

15



4) Magnetic phase transitions

Ferromagnetism: the general phase diagrams

HA

Paramagnetism

ﬁm>0

(°C)

Co

1388

Eel

1043

N

627

Gd

292

CrO2

386

Introduction to Magnetism... by R. Clérac

At the mean-field
approximation:

T, =2[zJ|S(S+1)/3ky

Tc ,
Ferromagnetism | ——g—3 Curie temperature
T

= m<0
= M s & Equilibrium between

sat = 97K A m< 0 and m> 0 phases:

m

Materials Curie Temperature +

(S Magnetic
m domains
Tc

0
-

>
T

Bangalore, India 2018

-31-

H
%

B
(ww o B
A
-

e
A:f.s d

4) Magnetic phase transitions

Ferromagnetism:
Magnetization measurements

J‘\ m ‘.\ m

\ T

.5
Tﬁ% /e F?
7] —Tme=0s
i =075
/ — TT. =080

e

. Experimentally the magnetization close to zero is never vertical due
to demagnetization effects induced by the shape of the sample.

Introduction to Magnetism... by R. Clérac

Bangalore, India 2018

-32-
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4) Magnetic phase transitions

Ferromagnetism: Influence of magnetic domains
Hysteresis effect (memory effect, bistability...)

. EAGET

Material magnetized to
saturation by alignment
of domains

i

When the magnetic field A
4 W drop, the material retains
some magnetization due
to the energy of the

domain wall ‘

The magnetic field must be
reversed and decreased to
a negative value to drive
the magnetization to zero

oy
o

\

=

H> Vi 4

The magnetic field must
be reversed and increased

<= to a positive value to drive
S\ = the magnetization to zero
<= <mlm=>
Field direction

Toward saturation in
the opposite direction

Introduction to Magnetism... by R. Clérac Bangalore, India 2018 - 33 -

4) Magnetic phase transitions

Antiferromagnetism: the general phase diagrams

At the mean-field i Neéel
approximation: SRR Temperature (K)
_ MnO 116
T, =2/2J|S(S+1)/3k, = =
Néel Temperature Tb 229
Antiferromagnetic Metamagnetic
AH behavior behavior

e 1 e
N 1

=
<>

ﬁ& AF T AF n T
Introduction to Magnetism... by R. Clérac Bangalore, India 2018 - 34 -
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4) Magnetic phase transitions

Antiferromagnetism:
Notion of magnetic anisotropy (uniaxial case)

b o OO0, Ener
Wﬁ)‘ z 9y
e . A
g Maximum of energy in the
plane perpendicular to z
(hard plane)
z
0 5 90 135 Ea
Minimum of
energy at z
(easy axis) ) )
Ex is the magnetic
anisotropy energy
Introduction to Magnetism... by R. Clérac Bangalore, India 2018 - 35 -

4) Magnetic phase transitions

Antiferromagnetism: the general phase diagrams
Increasing magnetic anisotropy

>

Antiferromagnetic Metamagnetic
AH behavior AH behavior
Hc ﬁﬁ Para Hc ﬁﬁ Para

S

\Y/
2 1

<==>
ﬁ& AF Tn ; AF Tn ;

. For a given magnetic model (in terms of spin, anisotropy and
dimensionality), Hsr, Hc, Ty are used to evaluate J and Ea

HsF

Introduction to Magnetism... by R. Clérac Bangalore, India 2018 - 36 -
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4) Magnetic phase transitions

Antiferromagnetism: an example
[Cu"3(dcp)2(H20)4]

13 ’r-,‘& Hsdcp: 3,5-pyrazoledicarboxylic acid
i/ O ¢ 0
,"dv “o o ( \/, OH
N—\H
Hidep
B0 e
1000 Oe
250 [
@
£ 200
()
S 150 [
1S
T, Te0E C = 1.31 cm3.K/mol
Wi 6=-32K

0 , . , , , ,
-50 0 50 100 150 200 250 300
T/K

P. King, R. Clérac, C. E. Anson, C. Coulon and A. K. Powell,
“Antiferomagnetic Three-Dimensional Order Induced by Carboxylate
Bridges in a Two-Dimensional Network of [Cus(dcp)2(H20)] Trimers",
Inorg. Chem., (2003), 42, p. 3492-3500

Introduction to Magnetism... by R. Clérac Bangalore, India 2018 - 37 -

4) Magnetic phase transitions
Antiferromagnetism: an example
[Cu'"3(dcp)2(H20)4]
WH
a 2500 x x :
Saturated
Co Paramagnetic State
2000 [ l‘ f . ]
1500 H -
o r o 1
o R ﬂ o
]\: 5 Spin-Flop Phase - g
<> % ] =R
H S 20 e
500 f QN‘ i |2 [ 1
; : . o 15¢ 2 b
&Antn‘erromagnetlc State 3 E _'i \
0 L L L. . Py = 1 b
2 25 3 35 | x | \
T/K 05t i
007000 2000 3000 4000 5000 6000
H/Oe
Introduction to Magnetism... by R. Clérac Bangalore, India 2018 - 38 -
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4) Magnetic phase transitions

Antiferromagnetism: an example

[Cu"3(dcp)2(H20)4]

2
——— 2500 : : : z
Saturated o
O Paramagnetic State e
2000 [ R f 9 x
1500 H 500 1000 1500 2000 2500
o) L 4 0 50 500 X 25
S RS H/Oe
=000 Spin-Flop Phase . ] 7 (P — s —
b :w ,'} o 19¢
3 —
500 M. 1 (2.
ﬁ& Antiferromagnetic State 5.' ™' 24
0 L L LB, £ 164
2 25 3 35 |8 5} 38«
TK x 14} ::fltﬁhx
32K
: ‘ﬂ’ :(Ifl 400 600 800 1<‘|‘h 1200
H/Oe
Introduction to Magnetism... by R. Clérac Bangalore, India 2018 - 39 -
4) Magnetic phase transitions
Antiferromagnetism: an example
[Cu"s(dcp)2(H20)4] o ]
'f. .4' 4’
— 2500 : : :
Saturated
L Paramagnetic State
2000 [ Q f B -
1500 H g
) I3 q o
o “‘i
]\: Spin-Flop Phase . E)
L) Sp— 1 ] 2
1
500 | M. 1 [ o |
Antiferromagnetic State & 33} [ S =ixor]
0 . ) s /Y e 4000e
2 25 3 35
T/K
Introduction to Magnetism... by R. Clérac Bangalore, India 2018 - 40 -
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4) Magnetic phase transitions

Some other magnetic phases: Ferrimagnetism

Ferrimagnetic
phase

Paramagnetism

Paramagnetism
m = M/M,
Mone aNio(s-s) |8 ™20 7
Materials Tc(eC) sat = giiB c
FesO4 (Fe'lFe'204, magnetite) 575
y-Fes04 (Fe'Fe!'204, maghemite) 600
NiFe20a (Ni'Fe''204, Trevorite) 585
Introduction to Magnetism... by R. Clérac Bangalore, India 2018 - 41 -

4) Magnetic phase transitions

Ferrimagnetism: an example
[Mn4(hmp)4(OH).][Mn(dcn)e]-2THF-2CH3;CN

den-: dicyanamide anion "oy —
Hhmp: 2-hydroxymethylpyridine O—\O

- o]

‘> ion ) P
4
. Y
% : A
o 1 0 L
94- Mn!'S = 5/2
A 7 .
> 1 ions
b b B
.. 3D network made of [Mng4] units and Mn(ll)

o o B ions alternatively arranged

H. Miyasaka, K. Nakata, K.-i. Sugiura, M. Yamashita et R. Clérac, “A Three-Dimensional Ferrimagnet Composed of Mixed-
Valence Mn4 Clusters Linked by an {Mn[N(CN)z]e}4 Unit", Angew. Chem. Int. Ed., (2004), 43, p. 707-711
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4) Magnetic phase transitions

Ferrimagnetism: an example
[Mn4(hmp)4(OH)2][Mn(dcn)s]*2THF*2CH3CN

80 -
:

: 7 P
nt Te=4.1K ) )
60 £ g >

| P
50 £
40 »

30 |

2 E 7

20 : e :
10 | Y/

I ¢
0L

1 2 3 4 5 6 7 4 3

T/IK

_ 2|

J/kg =-0.036 K

q Magnetic order at 4.1 K T'C 3k3 \/SM"4 (SM"4 + 1)SMn (SMn + 1)
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4) Magnetic phase transitions
Ferrimagnetism: an example
[Mns(hmp)s(OH)2][Mn(dcn)s]*2THF+2CH3;CN
S=9 ﬁ S=52§
q4
13
10+ 412
F |at19k g
3 0 T 0 g
10+ 1-2
Hc =23 kOe
=20+ -4
6 4 2 0 2 4 6
Field /T
8l H Sy, =22)Su, Sun iy Jfkg = 0.030 K
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4) Magnetic phase transitions

=5 : Some other magnetic phases: canted antiferromagnetism
% Q
06 ,'} :%, baramaanetism Weak ferromagnetic or
Fire ?_,‘. I X 9 canted antiferromagnetic
".i:' 3 phase
4 A2 Ix Ix Ix
; | : | : |
¥
Iz F o p i )
L L p i pi
[ o £ p i pi
\§s =7 v v v
Materials Critical Temperature (K)
a—Fe''203 (Hematite) 260
Ni'F2 73.2
KMnFs 815
Introduction to Magnetism... by R. Clérac Bangalore, India 2018 - 45 -

27/11/2018

23



