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Everyday life
is full of useful magnets
which traditionally take the form
of three-dimensional solids,
oxides, metals and alloys
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Magnets in Automotive Devices
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Magnetism is
everywhere
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hetic moments order at Curie temperature

A set of molecules / atoms :
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\Solid, Magnetically Orderea

thermal agitation (kT) weaker
than the interaction (J)
between molecules

kKT << J

Te

>
-

kT = J

Magnetic Order
Temperature
or Curie
Temperature

.. Paramagnetic solid : thermal
agitation (kT) larger than the
interaction (J) between
molecules

kT >> J



Ferromagnetism :
VAN H Magnetic moments
are identical

and parallel
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Antiferromagnetism :

RN Magnetic moments
are identical

and anti parallel
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Ferrimagnetism (Néel) :
Magnetic moments
are different

and anti parallel
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MAGMA Net

L Magnetochemistry

* The use of magnetic properties
(essentially paramagnetism) for
structural information

* Mononuclear and dinuclear compounds
* Spin cross-over



MAGMA Net

Molecular Magnetism

- Design and synthesis of new materials for new
magnhetic properties

* Molecular materials with permanent
magnetization

* Two- and one-dimensional magnetic materials

* Magnetic molecules

» Tailor made Spin cross-over

* Molecular techniques to magnetic
nanoparticles



Molecular Magnetism: a
““Multidisciplinary area

MAGMA Ne

- Efficient models for design

+ Synthetic ability

+ Sofisticated physical techniques
* Theoretical models

* An eye to biology

- Creativity
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~Some examples

» Fully organic magnets

* New animals in the magnetic zoo (one
dimensional ferrimagnets....)

+ Extremely hard magnets

* Magnets with unusual properties
(localized vs delocalized, magneto-
optical properties, chiral magnets, etc)



2jPons-in Molecular Magnetism

- Structures

- Polarized Neutron Diffraction for
Magnetization Density

» Inelastic Neutron Scattering for
information onlow lying levels



Spin Cross-over



Mononuclear complex ML,
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Splitting of the
energy levels
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L = H,0 .Dependen'r L = CN-
[C,0,J- Spin Cross-Over
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Triazole substituted Ligand (R) : insulated by counter-anions
Many groups : Leiden, Mainz, Kojima, O. Kahn, C. Jay, Y. Garcia, ICMC Bordeaux
M. Verdaguer
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The system « remembers » its thermal past |

M. Verdaguer O. Kahn, C. Jay and ICMC Bordeaux



€ross-over Display Device
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Joule and Peltier Connections Compound in

Elements Low spin state
(Thin Layer)

Display

O. Kahn, J. Kréber, C. Jay Adv. Mater. 1992, 718
M. Verdaguer Kahn O., La Recherche, 1994, 163




M. Verdaguer O. Kahn, Y. Garcia, Patent
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M%beicmum Entropy Method

+ Tt evaluates, for each possible
reconstructed map, the probability of
this map

* The probability is the product of the
likelihood and the prior

» Likelihood is the probability for the set
of experimetal data to be observed

*\Prior represents the intrinsic
probability of the map



\gdelling the spin density
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Laser

Sample holder rod




| &l\jet

(o Laue diffraction

t=60 min

t= 26 min

t=98 min

t=17 min

t=0 min Q. t=650 min

t=600 min

FIG. 5. (Color onling) Shift of the {(=2.00,4) reflection of

9G. 3. (C ine) Shift of the (0.—2. E ) ; It .
FIG (Colar dntne) -suift of the | 2). feficcuon; of [Fe(ptz)sJ(BE,): upon photoexcitation at 473 nm, 2 K.

[Fe(ptz)sJIBF;): upon photoexcitation at 473 nm, 2 K.



Magneftic interactions



M%{;W;EOFEXCELLENCE Dir‘ec-l. EXChange: AF

Magnetic orbitals with non-zero overlap :
antiferromagnetic coupling



M@@w Direct Exchange: F
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Orthogonal magnetic orbitals: ferromagnetic coupling
(Hund's rule)
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Aém\&et Cu(hfac),NITMe:

3 ETWOFEK OF EXCELLENCE

Figure 2. View of the structure of (Cu(hfac);NITMe), (1) showing the
numbering of theatoms. Fluorine and hydrogen atoms have beenomitted.
Thermal ellipsoids are drawn at the 90% probability level.
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Figure 3. View of the structure of CuCl(NITPh); (2) showing the

numbering of the atoms. Hydrogen atoms have been omitted. Thermal
ellipsoids are drawn at the 90% probability level,
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J. Am. Chem. Soc., Vol. 118, No. 47, 1996
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WX The mechanism?

Figure 5. Mechanisms of spin transfer toward the bridges. (a) The donation of o and /3 spin density from the bridge toward the singly occupied
dy, copper orbital leaves an excess of o spin density on the bridge. (b) Interaction with a manganese d_; orbital. The st orbital on the bridge in this
case has a very small coefficient on the carbon atoms, and thus an underlying st orbital will be polarized. (c) All the 77 orbitals have roughly the
same weight, so that there will be no resulting spin polarization. (d) Spin delocalization trom Cu(ll) and Mn(Il) through the o-bonds. (e) Spin
delocalization from the oxamido 7 orbitals to the Mn(Il) empty d orbitals. (f) Spin polarization of the bridge (see text).
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Figure 7. Calculated spin-density map for the broken symmetry (BS)
state of the model compound 4 in projection along the perpendicular
to the oxamido mean plane. The contours are the same as in Figure 3,
so that those two figures may be compared.
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Figure 1. oRTEP drawing of the asymmetric unit of Eu(hfac),(NI-

TiPr)(H,0).
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Figure 2. Temperature dependence of the xT product of Gd(hfac),-
{NITiPr)(H;0): (a) high-temperature data, the curve representing the
best fit obtained for J = -0.83 cm™' and g = 1.99. (b) low-temperature
data, best fit parameters of J = =0.65 cm™ and g = 2.00.

Benelli et al Inorg
Chem 1990
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Claiser et al JPhysChemB 2005









MAGMA Net

Schéme of the interaction

1.
1

The AF coupling between the positive spin density on one
molecule and the negative one on the other gives rise to
ferromagnetic coupling







Table 1

Atomic spin populations (moments) in [FeCp%]'*

Atom i

Fel (spin+orbit) 1.932(18)
Fe2 (spin+ orbit) 2.024(18)
Cep —0.005(1)
Cme 0.008(1)
xm; 8.03(8)
Magnetization 8.11(5)




/ \ \
M“%ﬁ%pm density in TCNE-

et

Table 2
Atomic spin populations in [TCNE]"~

Atom Spin population
Cl1 0.33
2 0.33
C3 —0.05
C4 —0.04
Cs —0.03
C6 —0.08
N3 0.12
N4 0.12
NS5 0.13

N6 0.16
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L Nitroxides
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"Altétnatives for increasing T,

To use atoms with more diffuse
orbitals, such as S or Se

N— S— 4
1 =8 jv:s ]
)
N



ASTrohg tendency to dimerization

\y‘ \ENETWO..JF EXCELLENCE

e.g., dithiadiazolyls

Most exist as dimers in
the solid state.

S..S separation ~ 3.0A

P - MeOCF,CNSSN
Association via a n*-* (P 6 4 )2

interaction
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Leystal structure of the S-phase of
-CN-CF,- CNSSN

A.J. Banister, N. Bricklebank, I. Lavender, J.M. Rawson, C.I. Gregory, B.K. Tanner,
W. Clegg, M.R.J. Elsegood and F. Palacio, Angew. Chem. Int. Ed. Engl., 35, 25633-5 (1996)

» Fdd2 space group
- Eight molecules per unit cell
*  Non centrosymmetric




“iMaghetization isotherms
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wwSaturation magnetization

F Palacno G AnTor'r'ena M. Castro, R. Burriel, J.M. Rawson, J.N.B. Smith, N.
Br'lcklebcmk J. Novoa and C. Rlﬁer' Phys. Rev. Lett 79, 2336-9 (1997)
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wsMagnetic structure

’

crystal (SXD, ISIS) samples

* A cut of a 2x2x30 mm3 crystal was used

* For each reflection, magnetic form factor is calculated as
F2ra = F%+ - F2,+, where F?, , is the nuclear form factor

and %ZH_ is the sum of the nuclear and magnetic form
factors averaged over several temperatures

458 + 22

3 440 |
©
= (-244)
400 | F?mag.= 110 +39
S
£
. 360F 348 +17
£
320

T (K)




Net moment
parallel to a
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0.40
0.09
0.06
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0.03
0.00
-0.00
-0.03
-0.05
-0.06
-0.09
-0.40
-1.20

> orbital

Spin density basically in the
molecular orbital

Polarization of a negative density
in the carbon atom
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J3: m

J 4

inter-ring N -+ S = 3.4884
C-N - S =2986A

mF - S = 3.345 A
mF - S =3.325 A

6-316™* basis set

J1: -32.58320 cm-1 ==> -46.88231 K
J2: -0.03073 cm-1==> -0.04421K
J3: -0.00658 cm-1==> -0.00947 K
J4:. 0.00438 cm-1==> 0.00632 K

6-3116** basis set

J1:. -31.38048 cm-1 ==>-45.15177 K
J2: -0.03512 cm-1 ==> -0.05053 K
J3: -0.00658 cm-1 ==> -0.00947 K
J4: 000219 cm-1 ==> 0.00316 K
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‘\ez-C6F4-CNSSN-: an Organic

Ferromagnet with Tc > 1K

A. Alberola, R.J. Less, C.M. Pask, J.M. Rawson, F. Palacio, P. Oliete, C. Paulsen, A. Yamaguchi and R.D.
Farley. Angew. Chem. Int. Ed. (2003, in press)
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Molecular Nanomagnets

Single Molecule Magnets



MAGMA Net

L W hy Nanomagnets?

* Potential applications

* Minimum size of a memory element

» Coexistence of classical and quantum effects
"Hardware" for quantum computing

» Magnetocaloric effect

* Models for biological magnets

» Contrast agents for MRI

* Magnetic drug delivery



MAGMA Net

O K OF EXCELLENCE

\l (-‘I'.
V4
\

p,

) ) ) ) )
) ) ) ) )
) ) ) ) )
) ) ) ) )
) ) ) ) )

magnet

Classical physics

Reducing the size

]

]

I

I

super

paramagnet

P779777777777?

!

paramagnet

Quantum
mechanics



Top-down vs. Bottom -up



;ﬁetSCquture top-down
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(" Natural Nanomagnets

* Ferritin
* Magnetosomes



Variations on a




Fig. 2. Cryo—electron micrograph and image reconstructions of a library of viral capsids,
including both icosahedral (2) and helical viruses (3). (A) Paramecium bursaria Chlorella
virus type 1 (PCB-1), 170-nm diameter. (B) Murine polyoma virus, 51-nm diameter. (C)
Cowpea mosaic virus, 31-nm diameter. (D) CCMV, 28-nm diameter. (E) Satellite tobacco
mosaic virus, 18-nm diameter. (F) A small section of the rod-shaped TMV, which
measures 18 by 300 nm. (G) Sulfolobus turreted icosahedral virus isolated from a
boiling, acid environment in Yellowstone National Park (30).

Dougas t al. Science 312, 2006



A model of The
ferritin core

Powell et
al.
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DG1 Dante Gatteschi; 25/06/2003



[Mnlelz(CH3COO) 16(H20)4] ZCH3COOH '4H20

S=2

Y 1
® 532 (A “L‘ T
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Total Spin "“f
5=10 -&
N

T. Lis Acta Cryst 1980, B36, 2042.
ure 1993, 365, 141,

R. Sessoli et al
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Figure 2. Maximum-entropy projection onto the (001) tetragonal basal plane of the magnetization
density in Mnj, acetate at 1.7 K and 4.6 T. The contours are drawn at equal intervals of
1 up A2, Negative contours are shown as dashed lines. The molecule centres are at (0, 0, 0) and

(0.5,0.5,0.5).
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FIG. 1. Energy spectra at three temperatures (raw data). The
intensity units are the same but the scales are different for
all spectra.  In the inset, the low-energy range on the sample
energy loss side.



‘.

¥ The-spin Hamiltonian

H = D[S — 1/35(S + )] + BO} + B;0;. (2)

with OF = 358 — [30S(S + 1) — 25]S2 — 65(S + 1) +
3§2(S + 1)2 and O3 = 1/2(5% + §%).
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Relaxation  of magnetization: classic



MAGMA Net

Relaxation of magnetization: quantum



MAGMA Net

Mn12 is a magnet at low T
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MAGMAIN;;F” Why s‘repped
o hysteresis?
- Two mechanisms of relaxation:
thermally activated and tunnel

* tunnel is different from zero only at
given values of the magnetic field

- At those fields the two mechanisms
enhance the relaxation



2 =-Back to the origins

Acta Cryst. (1980). B36, 2042-2046

Preparation, Structure, and Magnetic Properties of a Dodecanuclear Mixed-Valen--
Manganese Carboxylate

By T.Lis 0
Instytut Chemii Uniwersytetu Wroclawskiego, 50-383 Wroclaw, ul. Joliot-Curie 14, Poland -
(Received 29 January 1980; accepted 17 March 1980) 6 *
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Fig. 2. Magnetic moment (continuous curve) and inverse of the
. P magnetic susceptibility (broken curve) (both per one Mn atom)
Fig. L The crystal structure of [Mn(CH,COO),((H,0) for [Mnn(CH COO)IE(H 0)4 12] 2CH COOH 4H20 [1 BM =

0,,|. 2CH,COOH.4H,0: projection on the (001) plane. 9 27 % 10 24]"[‘ l
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vaéMany isomers, but only two
' are tetragonall
» = CH,C(O)-OH

oS ax i

n=0(S,) n=1(C,) n=2"cis" (C,)

- ,%. .%.

n=2"rans" (C,) n=3(C,) n=4(S,)



Fe3* @
S=5/2

5:=10

K. Wieghardt et al. 1984



The relaxation time of the magnetization
becomes independent of T

C
C
C

C

Magnetization (a.u.)

The cross-over from thermally
activated to tunneling occurs at 300 mK
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, Fe8: the origin of the magnetic

- ground state

 Fe8 has a ground S=
10 state

 the iron(lll) ions are
antiferromagnetically
coupled

 spin frustration is
operative

* which is the spin
density map?




. Polarized Neutron Spin Density
- of Fe8

 PNSD data showed
the two iron ions
whose magnetisation

IS reversed compared
to that of the others

* the spin density does
not correspond to
simple “up-down”
models




' HF-EPR of Fe8Br and Fe8PCl

 The HF-EPR spectra
of the two compounds
e are very similar

/\ * the transverse
M anisotropy is slightly
W larger for Fe8PCl

Magnetic Field (T)



The split levels of S= 10 can be observed
through Inelastic Neutron Scattering

Intensity (arb. units)
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» Zero field splitting of the ground S= 10
__ state of Mn12Ac and Fe8

] == Mn12ac
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The relaxation times depend on the magnetic

Isotopes
Below 300 Us) eea-oTERWIND
mK the 1000 | , Fe g standard
l_relaxation oo | TR with Fe
IS -
Independent 10 - _
of T: tunnel N %
mechanism . . .
0.1 ! l l |
0 4 6 8 10
1T (1/K)
If >’Fe (1=1/2) replaces *°Fe If 2H replaces 1H
(1=0) the relaxation time the relaxation

decreases

time Increases



M%?fmwwmre to go?

* Larger clusters
- Larger spins
»/ Antiferromagnetic rings
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S MROMob: S= 51/2?

Mn2+, S=5/2
Mo5+, 5= 3
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Antiferromagnetic Rings
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Stepped Magnetization Is an evidence of
guantum size effects

0O 10 20 30 40 50
B/T

Magnetization of NaFe6 at 1.5 K



The steps measure the energies of the
excited spin states with S>0

is=0,M=0)

|§=1M=-1)

]5=2.M=-2)
|S=3,M=-3)




MINuB

Stepped magnetization in the ferric wheel
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1N

dipolar interactions
(1.16 cm™)

15.31(1) cm’

12 14 16 18 20 22 24
Ase / meV —






The metal ions lie on a plane but
the ligands are alternating above
and below this plane
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FIG. 4. Lowest energy spin multiplets calculated for tetragonal
Cry assuming isotropic exchange interactions only, with parameters
corresponding to the best fit of INS spectra (J=.J"=1.46 meV).
Thick lines indicate twofold degenerate S levels.

“YLowest energy levels

TABLE II. Lowest eigenvalues (in meV) and main contributions
to the eigenvectors of Cry evaluated with the best-fit parameters
given in the text.

Energy S-mixing eigenvectors X ¢ |5, M),

(meV)

] 0.9981[0.0) + 0.0606|2,0)

0.69 0.9995[1,0) +0.033,0)

0.86 0.7069(| L1} + | 1.= 1))+ 0.0171(|3.1) + |3.— 1))
0.90 0.7068(| L,1y=|1,= 1))+ 0.0192(]3,1)=|3,— 1))
2.36 0.9929]2,0)+0.073(]2.2) + 2.— 2) ) — 0.0592|0,0}
2.38 0.7071(|2,1)+|2,— 1))

2.41 0.7071(|2.1)— |2.— 1))

2.53 0.7071(|2,—2)—]2,2))

2.53 0.7033(]2,2)+[2,— 2))— 0.1025]2,0) + 0.0165]0,0)

TABLE I. Single-ion and spin-spin projection coefficients and
zero-field splitting parameters, in meV, for excited spin states S with
exchange parameters given in the text. D"* and £Y"* are the ZFS
parameters determined in Ref. 19.

\ (m) (n) () () (n) (myx ()=
S.n d; dijvr  diits D £ D £

1 —0062 085 —=099 0.188  0.02 020 0.004
2 —0.14 0.21 —0.22 0044 0.005 0.046 0.001
3 —0.06 0.1l —=0.091 0.0196 0.002
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