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Molecular (nano)spintronics 

Molecular spins in quantum technologies 

Magnetic multifunctional materials (2D and 3D) 

Materials
Science

Physics
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Molecular magnetism: from chemical design to

spin control in molecules, materials and devices 

3E. Coronado, Nat. Rev. Mater. 2019, doi:10.1038/s41578 -019-0146-8
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Åcoordination chemistry

Åorganic chemistry

Åorganometallic chemistry

Åsolid-state chemistry 

purely organic weak ferromagnet

(1996, Tc = 36 K) 

first purely organic ferromagnet

(1991, Tc = 0.6 K)

Åchemic.tuneable/size control

Åultimate size limit/quantum 

Å low density/transparent

Åscalable via self -assembly 

V[Cr(CN)6]0.86Ö2.8H2O (Prussian 

blue analogue) room-temperature 

ferrimagnet (1995, Tc = 315 K)

Molecular magnetism: from chemical design to

spin control in molecules, materials and devices 
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spin crossover materials

[Mn12O12(OAc)16(H2O)4]Ö2AcOHÖ4H2O 

first single-molecule magnet 

(1991, TB = 3.1 K)

Molecular magnetism: from chemical design to

spin control in molecules, materials and devices 

Åcoordination chemistry

Åorganic chemistry

Åorganometallic chemistry

Åsolid-state chemistry 

Åchemic.tuneable/size control

Åultimate size limit/quantum 

Å low density/transparent

Åscalable via self -assembly 



ÅFrom paramagnets to single-molecule magnets (SMMs)
Å slow paramagnetic relaxation & the difficult middle ground

Å 3d-based polynuclear SMMs
- quenching of orbital angular momentum in 3d -ion complexes

- spin Hamiltonian formalism: g-matrix, zero -field splitting, superexchange 

interactions, magnetic anisotropy, anisotropy barrier 

- building molecules with large anisotropy barriers: the challenge of anisotropy 

control in polynuclear SMMs; structure and behavior of Mn 12-acetate

Å 4f -based mononuclear SMMs
- building molecules with large anisotropy barriers: designing crystal field 

interactions

- record blocking temperatures in 4f -based single-ion complexes

ÅTowards applications: SMMs at solid interfaces
Å the difficult early years ( -2008)

Å turning a nightmare into a vision (2009 -)

ÅSummary

Outline
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Slow paramagnetic relaxation
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K. Ziemelis, Nature Milestones Spin, Milestone 22: (1996) Mesoscopic 
tunnelling of magnetization, 2008
(http://www.nature.com/milestones/milespin/full/milespin22.html).
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K. Ziemelis, Nature Milestones Spin, Milestone 22: (1996) Mesoscopic 
tunnelling of magnetization, 2008
(http://www.nature.com/milestones/milespin/full/milespin22.html).
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L. Thomas et al., 

Nature 1996 , 383, 145

J. R. Friedman et al., 

Phys. Rev. Lett. 1996 , 76, 3830

K. Ziemelis, Nature Milestones Spin, Milestone 22: (1996) Mesoscopic 
tunnelling of magnetization, 2008
(http://www.nature.com/milestones/milespin/full/milespin22.html).

10

http://www.nature.com/milestones/milespin/full/milespin22.html


11

1st series transition-metal ions: [Ar]3dn (n = 1-9)

2nd series transition-metal ions: [Kr]4dn (n = 1-9)

lanthanoid ions: [Xe]4f n (n = 1-13)

3rd series transition-metal ions: [Xe]4f145dn (n = 1-9)

actinoid ions: [Rn]5fn (n = 1-13)

A quick glance at the Periodic Table
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ion config. m(mB)

@300 K

ground LS 

term 2S+1L

ge[S(S+1)]1/2

spin-only model

Ti3+, V4+ [Ar]3d 1 1.6-1.8 2D 1.73

V3+, Cr4+ [Ar]3d 2 2.7-2.9 3F 2.83

V2+, Cr3+, Mn4+ [Ar]3d 3 3.7-4.0 4F 3.87

Cr2+, Mn3+ [Ar]3d 4 4.7-5.0 (3.2-3.3) a 5D 4.90 (2.83) a

Mn2+, Fe3+ [Ar]3d 5 5.9 (1.8-2.5) a 6S 5.92 (1.73) a

Fe2+, Co3+ [Ar]3d 6 5.1-5.7 (0.0) a 5D 4.90 (0.00) a

Co2+, Ni3+ [Ar]3d 7 4.2-5.2 (1.8-2.0) a 4F 3.87 (1.73) a

Ni2+ [Ar]3d 8 2.9-3.3 b 3F 2.83

Cu2+ [Ar]3d 9 1.9-2.2 2D 1.73

a in low-spin complexes; b can be as large as 3.7-4.0 in tetrahedral complexes

(modified from C. Kittel, Introduction to Solid State Physics, 7th edn, John Wiley & Sons, 1995) 

Magnetic moment of 1st series 
transition -metal ions
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L = total orbital angular momentum

S = total spin angular momentum

m= "microscopic" magnetic moment

ge = 2.0023 electron g-factor

ǩ= h/2p= reduced Planck constant

( )B
e

g=- +L Sm
m

Magnetic moment of 1st series 
transition -metal ions: spin -only model



Quenching of orbital angular momentum

14

A free Mn3+ ion with configuration [Ar]3 d4 has a ground LS term 
5D, which means a substantial orbital angular momentum 

(L = 2, ML = +2, +1, 0, -1, -2).

Now evaluate the expectation value of the z-component of 

orbital angular momentum in t 2g
3eg

1 (Oh) and e2t 2
2 (Td) high-

spin configurations ( in an octahedron and in a tetrahedron x, 

y and z are equivalent directions). 

eg

t2g
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1 (Oh) e2t2
2 (Td)
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any linear combination of xz and 

yz is also a solution 

of Schrödinger's equation

in Oh and Td coordination

xz and yz orbitals are degenerate

0=ZzL 0 0 +1 -1

1+ 1- 1+ 1-

1+ 1- 1+ 1- 1+ 1-eg

t2g

t2

e

t2g
3eg

1 (Oh) e2t2
2 (Td)

A closer look at 3d orbitals (angular part)
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Å interaction with the crystal field reduces substiantially or

even completely quenches the orbital angular

momentum (if any) of the free ion

Åquenching is complete within an orbitally nondegenerate

electronic term

Å in Oh and Td symmetries quenching is:

Åcomplete within A and E electronic terms

Å incomplete within T electronic terms

Ågroup theory is of immense guidance!!! (see next slide)

Quenching of orbital angular momentum



Orbitally degenerate electronic terms (T and E) of octahedral 

and tetrahedral complexes are subject to Jahn-Teller distortion 

which drives further quenching of orbital angular momentum. 

e.g. [Ti(H2O)6]
3+ shows tetragonal compression:
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When complications... help
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Åspin-only model works well for ions with fully quenched

orbital angular momentum in the ground electronic term ;

Å in such ions any deviation from spin-only behavior reflects

the mixing of the ground electronic term with excited

terms of suitable symmetry via spin-orbit interaction (2nd

order effect in perturbation theory) ; this mechanism

affects both the interaction with an applied magnetic

field and the zero -field pattern of levels (see below);

Åwhen orbital angular momentum in the ground electronic

term is not fully quenched , spin-orbit interaction acts at

1st order in perturbation theory and spin-only model is

inapplicable (will not be treated any further ... ).

Magnetic moment of 1st series 
transition -metal ions: spin -only model
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J.-P. Launay, M. Verdaguer, Electrons in Molecules: from Basic Principles to

Molecular Electronics, Oxford University Press, Oxford, 2014

J. S. Griffith, The Theory of Transition -Metal Ions, Cambridge University Press, Cambridge,

1961

òThe spin Hamiltonian is a convenient resting place during

the long trek from fundamental theory to the squiggles of an

oscilloscope which are the primary result of electron

resonance experimentsó(J. S. Griffith )

òA spin Hamiltonian is an effective Hamiltonian that

reproduces the energy spectrum of the true Hamiltonian for

the states(s) of interest using only spin variablesó(J.-P.

Launay, M. Verdaguer)

Spin Hamiltonian formalism



Interaction with an applied magnetic field
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The reference frame can be chosen so that g is diagonal:

( )B
1g S S= +m m

A familiar expression is recovered when gxx = gyy = gzz = g:

( )B B, ,
x y z

S g S g S g g=- =- S
m m

m

In the most general formulation, the magnetic moment still 

relates to spin, but the electron ge factor is replaced by a 

g-matrix .



quantization axis

|2, +2ð |2, +1ð

|2, 0ð |2, -1ð |2, -2ð
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B

EZee
|2,+2ð

|2,-2ð

|2,-1ð

|2,0ð

|2,+1ð

|S, MSð: 2S+ 1 spin wavefunctions, with -S¢MS¢S in unitary steps

( )=- Ö = Ö Ö = + +B B
Zee

Ė Ė Ė Ė Ė Ė ĖĖ ĖĖ Ė xx x x yy y y zz z z
g S B g S B g S BB S g BH m

m m

In the reference frame x,y,z that makes g-matrix diagonal, the Zeeman 

Hamiltonian is:

aa a
= B

Zee
Ė ĖĖ g S BH

m

aa aa
= =B

Zee B
( )

S S
E g M B g M B

m
m

Applying B (with B = | B|) along a= x, y or z and chosing aas quantization axis 

gives:

Interaction with an applied magnetic field
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Pictorial view of g-factor anisotropy ( S= ½)
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When a system with S> ½ is surrounded by a non-spherical 

coordination environment , spin-orbit interaction can partially 

or totally lift the degeneracy of the 2S+1 spin substates even in 

zero applied field; this implies preferential orientation of the 

spin along certain directions in space

Pattern of zero -field levels:

the zero -field splitting ( ZFS)

y

x

z

spherical

environment

23

y
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The leading energy terms are often proportional to 2 nd powers 

of spin components («second-order» terms) and are described 

by a real symmetric traceless 3x3 matrix : the D-tensor

2

ZFS

( )
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Dxxx2 + Dxyxy + Dxzxz +... = 1 is the equation of 

a general ellipsoid ; chosing the reference frame 

along the three principal axes gives:
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rhombic ZFS parameter

(zero in axial symmetry

e.g. D3, D4h, etc.)

axial ZFS parameter

(zero in Oh and Td symmetry)

2 2 2 2 2 21
ZFS 3
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ZFS and magnetic anisotropy

High-spin Fe3+ (S= 5/2) 

with D > 0

z
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(for axial 

symmetry)

2D S

( )-2 1 4D S
total splitting

(for integer S)

(for half -integer S)
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The electronic spin Hamiltonian for 

a single metal center with quenched L

= Ö Ö + Ö ÖBĖ Ė ĖĖĖ S g B S D SH
m

Zeeman term ZFS term

mB~0.5 cm-1/T

|D| = 0.1-10 cm-1
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2
.6

1
6
 Å

[Cu(OAc)2(H2O)]2

Åthrough electrons in conduction band of metals (affords 

room-temperature ferromagnetism in Fe, Co and Ni)

Åthrough space : dipolar interactions (weak: < 1 cmð1 )

Åthrough chemical bonds : (super)exchange interactions ;

often dominated by scalar coupling , as described by 

Heisenberg-Dirac-Van Vleck (HDVV) Hamiltonian 

Magnetic interactions in materials

S2 = ½

S1 = ½
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Point -dipolar interactions in [ Cu(OAc)2(H2O)]2

ùú

ø
éê

è ÖÖ
-Ö=

2
21

21
3 )()(3
)/1(

r
rE

r˃r˃
˃˃

m1

r

m2

m1 || m2 || r     E = -2m1m2/r
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r = 2.616 Å, m1 =m2 = (1/2)gemB

mB
2 = 0.433 cm-1 Å3

E = -2m1m2/r
3 = -0.048 cm-1 !!!
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Superexchange interactions

2 2 2

HDVV 1 2 1 2
2

JĖ Ė Ė Ė ĖĖH J è ø= Ö = - -
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E1 = J  + cost

0, 1S=

21
ȵȵȵ SSS +=

S1 = ½ S2 = ½

S = 0

S = 1

J
J > 0

AntiFerro-magnetic

(AF) interaction

J < 0

Ferro-magnetic

(F) interaction

S = 0

S = 1

|J|



favors J < 0 favors J > 0
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A weak covalent bond (Heitler -London)
Ånatural magnetic orbitals: singly-occupied 

molecular orbitals ( a and b) for each fragment in 

its ground state (generally nonorthogonal)a

b

Åaccidental orthogonality ( Sab = 0) of natural 

magnetic orbitals for Cu-O-Cu = 90Áleads to 

ferromagnetic interaction;

Å| Sab| and antiferromagnetic contribution 

increase with increasing Cu -O-Cu angle

@- - b
ab

2 4J k S

= + +
12

(1) (2) 1Ė ĖĖH h h r

= >

=

b=

12

ab

a(1)b(2) 1 a(2)b(1) 0

a(1) b(1)

a(1) (1) b(1)

k r

S

Ėh

exchange 

integral

overlap integral

resonance integral 

(opposite sign to Sab)
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Cu Cu
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Di-m-hydroxo copper(II) dimers



32

Ferromagnetic interaction due to 

strict orthogonality of magnetic orbitals

S1 = 1/2
S2 = 1/2

S1 = 1/2 S2 = 1/2
S = 0

S = 1S = 0

S = 1

J = 650 cm-1J = -118 cm-1
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a b

a b a b

ab
a(1) b(1) 0S = =

2 0J k=- <

= ¸
ab

a(1) b(1) 0S

=- - b >
ab

2 4 0J k S
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The electronic spin Hamiltonian for two 

interacting metal centers with quenched L

( )= Ö + Ö Ö + Ö Ö + Ö Ö + Ö ÖB
1 1 2 2 1 1 1 2 2 2 1 12 2
Ė Ė Ė Ė Ė Ė Ė ĖĖĖ S g S g B S D S S D S S J SH

m

Zeeman terms ZFS terms spin-spin 

interaction term

(10-1000 cm-1)
Ö Ö = Ö +

1 12 2 12 1 2
Ė Ė Ė ĖJS J S S S smaller anisotropic terms

The electronic spin Hamiltonian for 

a single metal center with quenched L

= Ö Ö + Ö ÖBĖ Ė ĖĖĖ S g B S D SH
m

Zeeman term ZFS term

mB~0.5 cm-1/T

|D| = 0.1-10 cm-1
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Beyond pairs of spins

ÅHDVV hamiltonian (third term) often provides the leading 

contribution ; it commutes with Ɉ2 (total spin squared) and ɉz
(z-component of the total spin); spin states are then grouped into 

multiplets , each one with a reasonably well -defined Svalue and 

2S+1 Zeeman substates (S remains a "good quantum number") 

Åthe Zeeman and ZFS terms act as perturbations within each 

multiplet; a spin Hamiltonian can be assigned to each multiplet :

>

= Ö Ö + Ö Ö + Öä ä äB

,

Ė Ė Ė Ė ĖĖĖ
i i i i i ij i j

i i i j i

JS g B S D S S SH
m

+ smaller terms

= Ö Ö + Ö ÖBĖ Ė ĖĖĖ
S S S

S g B S D SH
m

ÅgS & DSare the g-matrix and ZFS tensor for that specific multiplet , 

respectively and can be expressed as linear combinations of local 

gi's and Di's



The origin of anisotropy barrier in 3d-based 

polynuclear SMMs

ground

spin state, S

MS = -S...+S

E
n
e
rg

y

single-ion 

spin states
total spin 

states

superexch.

interact. 

102-103 cm-1

SO & CF

+

dipolar

ZFS

states

101-102 cm-1

MS = °S

|Si MSi ð
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Building molecules with large anisotropy barriers

(classical approach)

easy-axis unit with spin Si

Eanis(q) = Ksin2q(K > 0)

q

AF coupling

low spin S = Si

F coupling

high spin S= 3Si
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easy-axis anisotropy easy-plane anisotropyno anisotropy

x y
z

Building molecules with large easy-axis anisotropy

(classical approach)



tetragonal space group I4
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2mm

1991: Mn 12ðacetate , the «vinegar » magnet

T. Lis, Acta Crystallogr. B. 1980, 36, 2042



T. Lis, Acta Crystallogr. B. 1980, 36, 2042

MnII(OAc)2Ö4H2O + KMnVIIO4 

[Mn12O12(OAc)16(H2O)4]

·2AcOH·4H2O (80%)

(8Mn3+ + 4Mn4+)

60% v/v 

AcOH/H2O

·2AcOH·4H2O

S4 || c

Mn12-acetate
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1991: Mn 12ðacetate , the «vinegar » magnet

Mn4+ (Si = 3/2)

Mn3+ (Si = 2) 

O

C
H



The Drosophila of single -molecule magnets

R. Bagai, G. Christou , Chem. Soc. Rev. 2009, 38, 1011

2mm
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Mn4+ (Si = 3/2)

Mn3+ (Si = 2) 

O

C
H

-29.8 cm-1

17.2 cm-1

EZFS(+10) = -29.8 cm-1

MS = 0

M
S

=
 +

1
0

M
S

=
 -

1
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1991: Mn 12ðacetate , the «vinegar » magnet

S= 8³2 -4³3/2 = 10 (giant spin )

m@20 mB (giant magnetic moment )

large anisotropy (D10 = -0.47 cm -1)
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MS = Ñ10
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MS = Ñ8

MS = Ñ7

MS = Ñ6

MS = Ñ5

EZFS

S = 10

1991: Mn 12ðacetate , the «vinegar » magnet

S= 8³2 -4³3/2 = 10 (giant spin )

m@20 mB (giant magnetic moment )

large anisotropy (D10 = -0.47 cm -1)
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S = 10

MS

U
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Anisotropy barrier in Mn12-acetate


