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NFew subjects in Science are more difficult
to understand than magnetism
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Everything Is magnetic? Yes or No.
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Hamiltonian of Zeemannteraction
(magneticfield along z-axis,H, =H, =0, H,, 0):

e

I-ﬁz = geb EZHZ

Schrodinger equation:
ik, c(SM.) = Ec(SMy),
g.bH, & c(SMg) =g, b H, Mc(SMq)
Splittingunder the action of magneticfield
(Zeeman levels):
E(Ms): ge0H, Mg
(2S+1)- eigen-values
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Energy

E(Ms)=g.bH,Ms, Mc=-1 0,1

Mc=+1Y E(-1)=+g.bH,

/

Mc=0Y E(0)=0

Mc=-1Y E(-1)=-g.bH,

—

Magnetic field



Pieter Zeeman

Born May 25, 1865,
Zonnemaire, Netherland.
Died Oct. 9, 1943, Amster

Nobel Winner, 1902:
for his discovery of the Zeeman effect Pieter Zeeman, Albert
Einstein, Paul Erenfest

Magnet of Pieter Zeeman Pieter Zeeman andNielsBorh



John H. Van Vleck

American physicistand mathematician who sharedthe Nobel Prize for Physics
in 1977 with Philip W. Anderson and Sir Nevill F. Mott. The prize honoured
Van Vleck's contributions to the understanding of the behaviour of electronsin

magnetic,noncrystalline solid materials.

Van Vleck developedduring the early 193G the first fully articulated quantum

mechanical theory of magnetism Later he was a chief architect of the ligand

field theory of molecular bonding. He contributed alsoto studiesof the spectra
of free molecules, of paramagnetic relaxation, and other topics. His

publications include Quantum Principles and Line Spectra (1926 and the
Theoryof Electric and Magnetic Susceptibilitie1932.
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Pierre Curie,
1903 Nobel Laureate In

Physics
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DEFINITION: 2SH|
(or SL)-TERMS

Rule of the addition of the
angular (spin and orbital)
momenta

(vector coupling scheme):

L:|1+|2, |1+|2' 1,....“1' |2|

S=9+S;, §+5,-1...5- 5|

closed
shells

unfilled
shells

- 4 P(L=1,S=1),
. 4
‘F(L=3,S=372)
=0, 1, 2, 3, 4, 5,.. L=0,

0
s p d f g h S



Tis*, V4* 3t | °D (L=2,S=1/2)
V3t 3k 3F (L=3,S=1)
Cr3t, Vot | 3 | 4F (L=3,S=3/2)
Mn3* Cre*t | 3d? °D (L=2, S=2)
Fe*, Mre* | 3d°  |8S (L=0, S=5/2)
Fest 3P °D (L=2, S=2)
Co?? 3d” | 4F (L=3,S=3/2)
Ni%* 3cF 3F (L=3,S=1)
Cuw? 3P | D (L=2,S=1/2)




Table 1. Ground State, g Values, and Room
Temperature y Values for Trivalent Lanthanide Ions

ground
trivalent ion configuration state g 7 (emu mol™'K)

Ce f] 2F5,-'3 0.80
Pr fe 3H, 4/5 1.60
Nd f 41as 8/11 1.64
Pm f aly 3/5 0.90
Sm f "Hs/z 27 0.09
Eu fﬁ ?F.;]

Gd f7 8572 2 7.88
Th f TFs 3/2 11.82
Dy f9 "Hisz  4/3 14.17
Ho f1o ol 5/4 14.07
Er f1! Mise 6/5 11.48
Tm f1z 3Hs 7/6 7.15
Yh f13 2F712 8.7 2.97

O. Kahn,

XT w

Gd3*
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E(S=0)- E(S=1)=2J
EA- spin- operatofor theion A, EB - spin- operatoifor theion B,

J - exchangéentegral, §A§B - scalamproduct,

1

i m
23| 29|
S=1 J EQ)=- =] S=0 J E(0) =2
J>0- T J<0, 1 L
Y



?

HdH s kst
- g

skbklk bkkuks keksks brbsks
A A A A

E W¥ V|



0

(metamagnetism)

(spin-flop)

-'I‘}



W

(spin canting) - ; a l W
14 DM¥ E Howm :_aDij QS3Sj)
ij

\ .

2{ i X l
N N
N7
K ’ /':'\/C'\M |
M / \M l/\l
/7 N\ PN

X=Cl, Br, O, S

Y P P/



M

© ®

Ferromag het

Ferrimagnet

; Ferromagnetic

Weak ferromagnet

(Canted antiferromagnet)

Coupling

/

Ms

Paramagnet

[ Metamagnet

M / Nb mol™

0.02+

o
o
S

-0.02

/ ,

D

2000 -1000 0 1000 2000
H/Oe

Spin-flop

Antiferromagnet

P ——

_E.);iémag nétic

e e .




No "H S

(Molecular Magnetic Materials)
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1E TC:I o [

0 100Kl p 4 0
TC

Ni,A(O),(H20),(CH), : A =DDQ (2,3-dichloro-5,6-dicyano-1,4- | 405, 480,
benzoquinone, A=TCNQ, A =TCNE Nature 2007, 445,291 | 440
[{Ru,(O,CPh-m-F),},(BTDA-TCNQ)] Angew 2008, 47, 7740 | 107

KV, [Cr'"(CN)g] 376
V(tcne)0.5CH ,CI, Science 1991, 252, 1415 | 350-400
Csp.82V"0.66lV'VO10.34[Cr'"(CN)gl0.92SO 4]0 2053-6H ,0 315

V!5 4oV 5[ CIM(CN)glo ge2-8H 2,0 315
Vl0.45V"0.53[V"VOl 0,02l CT"(CN)glo.66[SO4l.23H ,00.02K ,S0O, 310
[Cr5.56Cr'"; 76(CN)e] 2.8H ,0 270
Cr';[Cr (CN)g],L0H ,0, Cs,+5[Cr, 15,5(CN)gl5H ,0 240, 190
(Et,N)qsMn; ,c[V(CN)s] 2H ,0, Cs,Mn'[VI(CN)g] 230, 125
Phthalocyanine-Mn (2D) JACS 2011, 133, 15113 | 150
(VVO),[Cr(CN)g],10H ,0 115
[Mn,(tea)Mo(CN)-] IC 2003, 42, 1625; JACS 2007, 129, 13872 | 106
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Figure 3. Exchange pathways in a binuclear [Crm —CN n\l'”} linear unit when M is a divalent
jon of the first period of the transition metals and Tc = f(Zyy) in related M7 'Cr}"

systems
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Figure 13. Demonstrator using the properties of a room-temperature magnet
to transform light into mechanical energy.
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singlemolecule magnets (SMMs)
"M N o KN4 o F M P o

tsenchi

Quantum Tunneling of Magnetization and Related
Phenomena in Molecular Materials
Dante Gateschi and Robersa Sessoli®

Molecular -

Nanomagnets
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Molecular (bottom-up) approach -e—— (lassical (top-down) approach
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\ 4 Q E -
[Mn,0,,(CH;C00),,(H,0),].2CH;CO0H.4H,0

or Mn,,
Mn(III) @ s=2

mnav) O S=3/2
Ton Oxyde @

Carbone @

S =8x2-4x3/2= 5=10

From D.Gatteschi and R. Sessoli

I.G—_ MI‘I12-E.C r
{ 0928 mTis

g5 —*— 15K H i
] 18K ;
{4 ——2K

I
]

MM

Longitudiral Fiekd (T}

m

A
0

Energy

Thermal activation

-4 -2 0 +2 +4 +S
z

Direction of magnetization

If the Mn12 molecule is magnetized by an applied
field, the molecule retainsmagnetizationfor a long time,
approximately 10° seconds = 3 years at 1.5K

_ Applications: _
gquantum computing, memory storageelements in one molecule




Singlemolecul
Magnets

relative magnetization

magnetic field (tesla)

Nature 96

Dvm
}W S Ueff>800K
21 "”/\ Nat. Chem. 13

~12 4

T T T T
0.00 0.05 010 015 020

I} Th3*-N,-Th3* ]

Ueff = 227 cib ]
Te=14K !
H Y JACS 12

Nat. Chem. 11 High Barrier | High T TR

5 1




3E ‘{ ) [Pcaln]= (Ln = Tb, Dy, Ho, Er, Tm, or Yb)

Relaxation Phenomenon for Rarezarth-

based doubledecker molecules, [P£Ib]

)

-;-. : .'-"'l.'"t"' [PCZTb] opened '
marks

Tbh/Y=1/4 filled
marks

>

Tbh/Y = 1/50

1 1 I 1 L) L L L L] LI

iy (emu maol I]

I I I 1 T 1

0.0

10 20

o 30 4 50
TK}

Naoto Ishikawa et al.,J. Am. Chem. Soc2003, 125, 8694
Naoto Ishikawa et al.,J. Phys. ChemB 2004, 108, 11265



Mononuclear Lanthanide (Er®*) Single-Molecule
Magnets Based orPolyoxometalates

a)
0,81 0,44
S 06l s 0,34
E £
=] =
E 0,4 5 0,24
= W
0,24 0,14
0
2 3 4 5 6 7 8 9 10 2 3 4 5 6 7 8 9 10
T (K) T (K)
0,4
. 03]
>
25
®

5
024 &
6.

8
0,14 10,

/%,

AlDamen, M. A.;: ClementeJuan, J. M .; Coronado, E.; Ma r-Gastaldo,
C.; Gaita-Ar o,4. J. Am. Chem. Soc2008 13((28), 88748875




4E N
Single-Chain I\/Iagnets

Time-Dependent Statistics of the Ising Model
Roy J. Glauber | Ferromagnetic Chain?

o==*1 J. Math. Phys., 1963, 4, 294,

Predicted 45 years agoR.J. Glauber, Phys. Rev. Lettl963, 10, 84.
(Nobel winner for Physics in 200%

Three Strategies towardsSingle-Chain Magnets

(1) Ferromagneticchain strategy =——> T } T ! T 4 T 4

(2) Ferrimagnetic-chain strategy -~ T | T | T | T |

\J \J \J

(3) Spin-canted-chain strategy ——> "\ /" \/ \
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A. Caneschi, D. Gatteschi et al. Angew.

1760

[Co(hfac),(NITPhOMe)]
t,=3.C10s
DE/kg = 154(2) K.

T

!
i el
Enn :Iq

Chem. Int. Ed. 2001, 40( 9),
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JF JAF JAF JF [Ni-MnMn -Ni-MnMn -Ni-]
Mn-Mn & Ni é& N/m t,=5.3101s
Jae =-21.Q1) K, J- =+0.7(1) K, g =1.971) DE/K, =72 K.

sz X 50 [
N,.M

AV W

N | N 2 CIOg e
o T S J:
. [

: 30 f

yovy
' (emu/mol)

20 F

[Mn(saltmen);(H,0)21* [Ni(pao)z(py)2]
10
in MeOH f HyO : . .
2n+ 20 L
BRI ]
" = N= 1 = N= —
N N O ‘KQ No oYL g 1sf
o, A/ T__o Nl e N E
ay-Ni—Ns . _AM A Ou  Ni—N. . _\Mn R =S
N\ f Y (8] \O_,_,—:—'—"JI }v N‘ fl kY O I‘O___-rMn )v E
M \ oN N -‘]N|l o N o 10F
=N -\:‘TL‘I " llll \ —N . ﬁ \ ;-’
N {j \'l’," = st
L )
e
repeating unit 0 Divedososes

[Mny(saltmen}Ni(pao)z(py)l(Cl04)2

R. Cl2rac, H. Miyasaka, C. Coulon, M. Yamashita,J. Am. Chem. So¢2002. 124, 12837.
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Nature408 447- 449 (2000)
Coexistence of ferromagnetism and metallic
conductivity in a moleculebased layered compound

EUGENIO CORONADO*, JOSE R. GALAN-MASCA R¢ES* A, TXBOGREDGARCA* &
VLADIMIRLA UKHI N* A

* Instituto de Ciencia Molecular, Universidad de Valencia, Dr. Moliner 50, 46100 Burjasot, Spain
A Present addresses: Department of Chemistry, Texas A&M University, College Station, Texas, USA (J.R.G.-M.); ICMB-
CSIC, Campus de la UAB, 08193 Bellaterra, Spain (V.L.)

Crystal engineerin@ the planning and construction of crystalline
supramolecular architecturefrom modular building blocksd permits the
rational design of functional molecular materials that exhibit technologically
useful behavior such asonductivity and superconductivity, ferromagnetism
and nonlinear optical properties Because the presence of two cooperative
properties in the same crystal lattice might result in new physical phenomena
and novel applications, a particularly attractive goal is the design of molecular
materials with two properties that are difficult or impossible to combine in a
conventional inorganic solid with a continuous lattice.



A DUAL ACTION MATERIAL

U A A A A A A A A _ , 5
h:r = z :f}' “;453;'

—> o> Molecular
E : 1.3 nm components:
| (a) The
WA 4 4 4 4 4 4 A AREETS organic
Mmoilecule
o—> o—>
E o s e, 18m pretethylenedithio)

»a tetrathiafulvalene

M e e S 0s6nm  (b) A ferromagnetic bimetallic complex of

manganese(ii)tris(oxalato)chromium(iii).
Carbon atoms are in pink, sulphur in blue.

By alternating layers of the molecules in a and b, E. Coronadst al (Nature)
have created a hybrid material that supports both magnetism and conduction.

M- magnetic layers, Econducting layers
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Science, 1999
JACS, 2010

[Co""S(tpa)(dhbg?®)Co''S (tpa)**
= [Co"LS(tpa)(dhbgZ)Co'*HS(tpa)J3*

Zmd/em*Kmol!

JACS, 2006

A 5 310 320
‘é- 4A ‘fﬁzwwm«:.‘,nw
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é (1] i e
0.15
D)’/T " Eoio 8 |
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N %0.05 [ H
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2, R =Bu (C4Hg) 310 320 330 340 350 360
3, R=Et (CgHg) Temperature (K)

Science, 2002; JACS, 2010
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hv (500
= v ( nm)

—
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low-spin R=CgsF5
diamagnetic

Science, 2011

20 25 30

high-spin
paramagnetic
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Multiferroics: a magnetic twist for
ferroelectricity

|T|i<=>|Th

57



- MOF
ABX3E [NH,(CH,),]IM(CHOO),] (M= Mnl Fd Col Nil zn€

F\l3C

Tc = 150-185 K
D e

&\.,e\./& ‘
ET.=832K
0.02 g 1.0-
H_ 2 |
O 0.01 / 0.5
& o/ % .
= 000 I S 001
pd Sl E a . o
~ 0.0 Y ~ T=2K % -0.5- U
> / u S
0.02] | | Q -1.0
=00 -250 0 250 500 -20-15-10 -5 0 5 10 15 20
H/ Qe E / kV/icm
Wang, X.Y. Gao, S. Inorg.Che2®04 CheethamJ. Am. Chem. So2008 130, 10450 2009, 131

43,4615 Wang Z. M.Dalton Trans. ~ 13625;PNAS2011, 108 6828;Phys. Rev. B012 86, 214304
2004 22092216 Zhang W, Xiong RGAngew. Chem. Int. E@011, 50, 11947.
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1) When ?

- Electronic Structure : d 4 d>d6d’d®
- 1rst line of transition elements
- Often octahedral

2) Which ions ?

- Often :
3d4 3d° 3d6 3d’ 3d8
Fe3* Fe?* Cot
- Less frequent :
3d4 3d6 3d8
Mn3*,Cr?+ Co?* Ni 2+



3d°
Fe3*

Cr:

3d°
Fe2+

3d’
Co?

b oct<<P 4# e 4# s 4# S=3/2
e | BT 4T 4
| oct>> P T o 4_

u

S=1/2

A+

L:CN -

was

L:CN -

S=1/2

LAY

L : bipy
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3) Transition: how? T,P,h n, &

(b-P) a (kT, e)
4) Types of transition

- Solution : Boltzmann
- Solid : abrupt, gradual, hysteresis, stepped

5) Transition Parameters

- Element : Nature and Charge

- Ligands : Nature and number

- Complex Dilution / matrix without transition
- Anion or solvent non coordinated

- Isotopic Exchange (H / D)

- Crystals Quality e
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. U
6) Transition : which effets (changes) ?
A Electronic Propert:
A Magnetic Prp8prsdi es
A Optical Prgolpel)ties
A Structural RrRRlert.
/) Characterisation Methods
A Magnetic Susceptibi
A Heat capacity
A Mossbauer Spectrometry
A Electronic Spectroscopy, UV - visible
A Infra - red Spectroscopy, Raman
A tay Diffraction (absorption)
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