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Single-molecule Magnets (SMMs)
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The origin of anisotropy barrier:

polynuclear 3d- vs mononuclear 4f-metal based SMMs
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Mn12ac (S = 10, U/kB = 61 K)

The Drosophila of Single-Molecule Magnets
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Mn12ac (S = 10, U/kB = 61 K)

The Drosophila of Single-Molecule Magnets
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Towards applications



Trivial roles of the surface

• mechanical support

• template 

• electrical contact

Non-trivial roles of the surface

• Reactive (e− rich) environment: 

fragmentation, rearrangements, 

hybridization, redox-activity…

• Source of asymmetry: structural 

distortions 

The key-points

• controlling coverage, lateral ordering and orientation on the surface 

• controlling electronic and spin-phonon coupling with the surface

• developing «clean» processing protocols for fragile molecules 

• measuring composition, structure, and magnetism (including relaxation) of 

complex molecules at monolayer or submonolayer coverage on surfaces

• are molecules chemically and structurally intact after deposition?

• are magnetic moment and magnetic anisotropy interface dependent?

• how does reduced dimensionality affect magnetic relaxation and 

memory effect?
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Does the memory effect persist on surface?



0.1-mg crystal 

(MW = 2000) 

~ 3·1016  molecules

1-cm2 surface 

(2 nm2/molecule)

~ 5·1013  molecules

Studying molecular assemblies at surfaces
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Synchrotron-based methods

SLS (Villigen, Switzerland) 11



Synchrotron-based methods

SLS (Villigen, Switzerland)

X-ray Absorption

X-ray Magnetic Circular Dichroism
element-selective local probes

sensitive to magnetism (XMCD)

surface-sensitive
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enable local, element-selective magnetic measurements with surface sensitivity 

(< 0.005 ML)

G. van der Laan, A. I. Figueroa, Coord. Chem. Rev. 2014, 277-278, 95 13

XAS and XMCD

3d
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III]

Ultrahigh Vacuum 

Electrospray Deposition

UHV-ESD

Mn-L3
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The difficult early years: 

redox instability of Mn12ac complexes on Au



M. Mannini et al., Chem. Eur. J. 2008, 14, 7530

Naitabdi, A. et al. J. Appl. Phys. 2004, 95, 7345-7347   (Mn12) (Au)

Naitabdi, A. et. al. Adv. Mater. 2005, 17, 1612-1616   (Mn12) (Au)  

Phark, S. et al. Jpn. J. Appl. Phys. 2004, 43, 8273-8277   (Mn12) (Au)

Phark, S. et al. J. Magn. Magn. Mater. 2007, 310 , e483–e485  (Mn12) (Au)

Cornia, A. et al. Angew. Chem. Int. Ed. Engl. 2003, 42, 1645-1648  (Mn12) (Au)

Zobbi, L. et al. Chem. Commun. 2005, 1640-1642   (Mn12) (Au)

Pineider, F.  et al. Langmuir 2007, 23, 11836-11843   (Mn12) (Au)

Bogani, L. et al. Adv. Mater. 2007, 19, 3906–3911

Mannini, M. et al. Chem. Eur. J. 2008, 14, 7530-7535 (Mn12) (Au)

Coronado, E. et al., Inorg. Chem. 2005, 44, 7693-7695   (Mn12) (Au)

Martinez, R. V. et al. Adv. Mater. 2007, 19, 291-295   (Mn12) (SiO2/Si)

Moro, F.  et al. J. Phys. Chem. C 2012, 116, 14936−14942   (Mn12) (Au)

Cavallini, M. et al. Nano Lett. 2003, 3, 1527-1530   (Mn12) (SiO2/Si) 

Gòmez-Segura, J. et al. Chem. Commun. 2005, 5615-5617   (Mn12) (HOPG) 

Grumbach, N. et al. Eur. Phys. J. B 2010, 73, 103-108   (Mn12) (Si) 

Donnio, B. et al. Solid State Sci. 2010, 12, 1307-1313   (Mn12) (Au) 

Voss, S. et al. Phys. Rev. B 2007, 75, 045102   (Mn12) (Au)

Voss, S. et al. Appl. Phys. Lett. 2007, 90, 133104 (Mn12) (Au)

Burgert, M. et al. J. Am. Chem. Soc. 2007, 129, 14362-14366 (Mn12) (Au)

Voss, S. et al. Dalton Trans. 2008, 499-505 (Mn12) (Au)

Voss, S. et al. J. Appl. Phys. 2008, 103, 07B901 (Mn12) (Au)

Voss, S. et al. Appl. Phys. A 2009, 94, 491-495 (Mn12) (Au)

Condorelli, G. G. et al. Angew. Chem. Int. Ed. Engl. 2004, 43, 4081-4084  (Mn12) (Si)

Fleury, B. et al. Chem. Commun. 2005, 2020-2022   (Mn12) (Si)

Steckel, J. S. et al. Nano Lett. 2004, 4, 399-402   (Mn12) (Au)

Saywell, A. et al. Nat. Commun. 2010, 1, 75    (Mn12) (Au)

Kahle, S. et al. Nano Lett. 2012, 12, 518−521   (Mn12) (different substrates)

SQUID

MCD

XMCD

XMCD

XMCD
XMCD

15

The difficult early years: 

redox instability of Mn12ac complexes on Au
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The difficult early years: 

redox instability of Mn12ac complexes on Au
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Turning a nightmare into a vision
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The iron option: tetrairon(III) propellers

[Fe4(OMe)6(dpm)6]

90°

[Fe4(L)2(dpm)6] (Fe4Ph)

6MeOH2H3L

O

C

Fe3+ (s = 5/2)

Hdpm = 

18

S = 5

easy axis

U/kB  15-16 K
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The iron option: tetrairon(III) propellersThe iron option: tetrairon(III) propellers



clip clip

n+2 = 3, 4, 5, 9

M. Mannini et al., Nat. Mater. 2009, 8, 194; Nature 2010, 468, 417 20

SAc-functionalized Fe4Cn complexes



T = 0.50 K, B = 3 T

M. Mannini et al., Nat. Mater. 2009, 8, 194

Monolayer sample of Fe4C9 on Au(111)

T = 4.5 K

Au(111) 

on mica

0.5 mM

in CH2Cl2 

20 h 

Scanning Tunneling 

Microscopy (STM)

monolayer

bulk reference

Fe-L2,3 edges (2p → 3d)

709.2 eV
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Memory effect of Fe4C9 on Au(111)

0H = 2.0 T → -0.25 T

 = 220(15) s 

M. Mannini et al., Nat. Mater. 2009, 8, 194

2 mT/s 2 mT/s

2 mT/s
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long spacer

max

short spacer

M. Mannini et al., Nature 2010, 468, 417

709.2 eV

T = 650(50) mK

20 Oe s-1
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Memory effect of Fe4C5 on Au(111)



DFT (F. Totti, UniFI)

0.226 nm

easy 
magnetic 
axis

M. Mannini et al., Nature 2010, 468, 417

709.2 eV

T = 650(50) mK

20 Oe s-1
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Memory effect of Fe4C5 on Au(111)



Au/mica substrate, 10 min, 

P = 10-7 mbar, T = 480-510 K

Fe4Ph

L. Margheriti et al., Small 2009, 5, 1460 

L. Malavolti et al., Nano Lett. 2015, 15, 535

substrate

heated crucible
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Clean, «chemistry-free» deposition



L. Malavolti et al., Nano Lett. 2015, 15, 535

0.8 ML

STM imaging conditions: 

30 K, 3.5 V, 10 pA 

0.68 K

H = 0

10 Oe s-1
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Magnetic hysteresis from a monolayer



E. Tancini et al., Chem. Eur. J. 2013, 19, 16902

Fe3+ (s = 5/2) O

C
S

Cr3+ (s = 3/2)

thioacetyl

"alligator" clip

S = 6

Heterobimetallic propellers: Fe3CrC5 
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Monolayer sample of Fe3CrC5 on Au(111)
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E. Tancini et al., Chem. Eur. J. 2013, 19, 16902

Monolayer sample of Fe3CrC5 on Au(111)
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g  2.000 

J = 14.7(7) cm-1 

50 kOe 50 kOe 

Fe L3 edge

Cr L3 edge
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Exotics n.1: Mössbauer spectroscopy

57Fe
(2.2%)

30

•element-selective local probe, sensitive to oxdn. state, 

coordination environment, spin state & magnetism

•with conventional equipment, sensitivity is too low for 

studying molecular monolayers

I = 1/2 

14.4 keV

(-rays)

I = 3/2 



57Fe-enriched Fe4C5 @ESRF 

V. Potapkin, et al. J. Synchrotron Rad. 2012, 19, 559A. Cini et al., Nat. Commun. 2018, 9, 480

bulk reference
monolayer 

on Au
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L. Spree et al., Adv. Funct. Mater. 2021, 31, 2105516

Exotics n.2: endohedral fullerenes

32

Tb2@C80(CH2Ph)-pyr2



M. Bernhardt et al., J. Am. Chem. Soc. 2023, 145, 12446 33

• slow magnetic 

relaxation up to 51 K

• open hysteresis loop 

up to 8 K

Exotics n.3: dysprosocenium ions immobilized on silica



• for many applications SMMs must be interfaced with a metal surface

• SMM behavior can persist on a metal surface, like Au(111); in rare cases it is 

enhanced by the surface

• careful selection/development/chemical tailoring of molecules

• development of measurement techniques (XAS/XMCD, synchrotron Mössbauer 

spectroscopy, scanning probe methods)

• TO BE DONE: combining top performances (high TB values) with processability 

and chemical stability under ambient conditions; enhancing SMM behavior via 

molecule-substrate interactions; ... ... ...
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Further readings

G. Gabarró-Riera, G. Aromí, E. C. Sañudo, Magnetic molecules on surfaces: SMMs and

beyond, Coord. Chem. Rev. 2023, 475, 214858.

Summary
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