Introduction to
Molecular Magnetism
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Why to use magnetic molecules?

*Transition few-spin system => many-spin system, contribution to understanding of bulk
magnetism;

* Transition quantum spin system (s = 1/2) => classical spin system (sg, = 5/2, sgq = 7/2);

- Easy to produce, single crystals with => 1017 identical molecules can be synthesized and
practically completely characterized:;

- Speculative applications: magnetic storage devices, magnets in biological systems,
lightinduced nano switches, displays, catalysts,

qubits for quantum computers.

Materials science:
- One molecule can be seen as one bit.
* This leads to unprecedented data densities.




Molecular nanomagnets or Single Molecule Magnets

high spin ground state,
SMM: a large negative axial zero-field splitting (ZFS),

and the absence of transverse zero-field splitting.

Differs from a simple paramagnet which would have random spin orientation in the absence of a magnetic field.
Differs from a ferromagnet or ferrimagnet as retention of orientation is not related to movement of domain walls.

As magnetic domains are not involved, no superparamagnetic limit to size of particle/molecule that could store
information

* You can dissolve a single molecule magnet in a solvent or put it in some other matrix, like a polymer, and it will
still show this property.

Applications of Nanomagnets

MRTI contrast agents
@ High-density
Hyperthermic treatments information storage

Quantum effects in
mesoscopic matter

Magnetocaloric effect




-Ferritin

Man on average has 3-4 g of iron 30 mg per day are exchanged in plasma. Ferritin stores
iron in mineral form; Ferritins are found in animals, vegetables, mushrooms and bacteria

The internal core, 7 nm, may contain up to 4,000 iron(IIT) ions Approximately FeO(OH)
Magnetism depends on the number of ions Magnetic measurements provide information on
the number of ions in the core

- Magnetosomes

Nanomagnets embedded in cell membranes

*Magnetotactic bacteria iron core



The first single molecule magnet: Mn,,-acetate

Lis, 1980



Mn ,-acetate

Energy levels of the S=10 spin manifold
split by an axial anisotropy (top).
Overcoming of the barrier can occur
through a thermal activation or through a
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[Mn12012(02CMe)12(H20)4]

Mn3+ ions (pink), held together by oxides (red lines).
Magnetic structure (deduced)
Spins on Mn4+ sites (S = 3/2) anti-ferromagnetically
coupled to spins on Mn3+ sites (S = 2).

Spin ground state =8 x 2 -4 x 3/2 =10

S = 10 is a high spin ground state for a molecule. Not
highest known.

Behaviour of spin is unprecedented.

0.008 Fr————g T i+ ———  Christou et al, J. Amer. Chem. Soc., 1993, 115, 1804




Energy Barrier for {Mn12}

erotiona ms = +S lowest i,n energy
] Saemateld  ms = 0 highest in energy.
o s 5 4 56 5 4 & & 10 For {Mn12} D/k = -0.61 K
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For {Mn12} Ea/k = 61 K.
Hysteresis in magnetisation vs. field due to this energy
barrier

Quantum Tunnelling of Magnetisation
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‘rNig, CrNi,, CrCo,, FeyNa,, Fe,Ni,,
Mn,Dy,, Mn,Nd, 0, FEEHI}E..

8= 0,1/2, 1,312, 2, 8124, W2 S, coissinaavses 31/2




Antiferromagnetic rings

* One Cr3+ ion can
* Interesting for fundamental physics (e.g. Neel vector tunneling).
* Ni-substituted Crg : S=1/2, potentially a good candidate qubit.
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Winpenny




Ni,, wheel

Hysteresis and Tunnelling

0.035T/s




by applied magnetic field.

) 41, Waldmann



Single Chain Magnets, SCM,




{Mo72Fe30}

Fe




Other interesting examples
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Saalfrank et al.




Dimer Structure of [Mn,O;Cl,(O,CEt);(py);l,




Representive Attributes of Molecule-Based Magnets

*High streng
*Modulation/tuning of properties by means of organic chemistry
-Solubility
-Low environmental contamination
-Compatibility with polymers for composites
-Biocompatibility
‘High magnetic susceptibilities
High magnetizations




Magnetic molecules are interesting for both fundamental issues and potential
applications:

Fundamental issues:

* Highly tunable model systems for studying quantum phenomena (quantum tunnelling
of the magnetisation (QTM), coherence, quantum-classical crossover, etc.), and to study
microscopic magnetic interactions

Main potential applications:

* High-density information storage with nanomagnets

* Magnetocaloric refrigerants (cooling technology based on the magnetocaloric effect)

* Quantum computation

Schematic three-dimensional image of a molecular "logic gate™ of two
naphthalocyanine molecules, which are probed by the tip of the low-
temperature scanning tunneling microscope. By inducing a voltage pulse
through the tip to the molecule underneath the tip (shown in the back), the
two hydrogen atoms in the adjacent molecule (in white at the center of the
molecule in front) change position and electrically switch the entire molecule
from "on" to "off". This represents a rudimentary logic-gate, an essential
component of computer chips and could be the building block for computers
built from molecular components. Credit: IBM




Physical spacing and disk surface evolution
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