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Slow paramagnetic relaxation
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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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Mn_,ac (S = 10, U/kg = 61 K)
The Drosophila of Single-Molecule Magnets
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Mn_,ac (S = 10, U/kg = 61 K)

The Drosophila of Single-Molecule Magnets
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Towards applications
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Does the memory effect persist on surface?

Non-trivial roles of the surface

Trivial roles of the surface ® Reactive (e~ rich) environment:

®* mechanical support fragmentation, rearrangements,

® template hybridization, redox-activity...

® electrical contact ® 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?



Studying molecular assemblies at surfaces

0.1-mg crystal 1-cm? surface
(MW = 2000) (2 nm2/molecule)
~ 3-10'® molecules ~ 5-10"3 molecules




Synchrotron-based methods
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Synchrotron-based methods

X-ray Absorption

X-ray Magnetic Circular Dichroism

element-selective local probes
sensitive to magnetism (XMCD)
surface-sensitive

&

SLS (Villigen, Switzerland)



XAS and XMCD
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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



The difficult early years:

redox instability of Mn,,ac complexes on Au
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Figure 2 | STM images of Mn,,(acetate),, on Au(111). (a) A large-scale

STM image of the Au(111) surface after the UHV-ESD of ~0.35ml of U I t r ah | g h VaC uum

Mn,(acetate),, (Vppe= +1.80V, |, = 0.03nA). Filamentary structures L.

are observed to run over the surface and are contiguous at step edges. EI eCt ros p ray Dep OSli tl on
Scale bar, 20 nm. (b) Closeup STM image of an isolated Mn,,(acetate),,

molecule (V.= +2.00V, I,,.,=0.03nA). The molecule displays an _

elliptical cross-section (r,>r,). Scale bar, 2nm. (¢) STM image showing U HV ES D

the internal structure of a molecular aggregate comprised of individual

Mn,;(acetate),, molecules (Ve = +2.00V, liyp0e = 0.05nA). Arrow

indicates the position of the structure relative to a step edge.

Scale bar, 10 nm.
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Figure 5 | NEXAFS spectra measured at the Mn 2p adsorption edge
(Mn L-edge). Spectra were acquired for a range of coverages (0.2-25

ML (monolayer)). Photon energy was calibrated by measuring the energy
separation of the Au 4f core-level photoemission peaks excited by first-
and second-order X-rays. The positions of the peaks corresponding to the
presence of Mn®* Mn** and Mn** are labelled.

A. Saywell et al., Nat. Commun. 2010, 1, 75; Nanotechnology 2011, 22, 075704;

K. Handrup et al., J. Chem. Phys. 2013, 139, 154708 14



The difficult early years:

redox instability of Mn,,ac complexes on Au
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The difficult early years:

redox instability of Mn,,ac complexes on Au
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now regarded as a realistic goal given the latest develop-
ments of scanning probe microscopiest and nano-gap fabri-
cation.*’ Among the most promising tools for addressing
the magnetism of individual molecules are spin-polarized
scanning tunnelling microscopy (SP-STM)"* and electron
spin noise STM (ESN-STM)." For both techniques to be
applicable, magnetic molecules need to be organised on con-
ducting surfaces.

So far attention has mainly concentrated on the archety-
pal SMM, the dodecamanganese acetate cluster [Mn,O,,-
(OAc),(H,0),] (1) and its derivatives, because of their
large anisotropy barrier and very-slow spin dynamics at low
temperature.*”) The basic structure of [Mn;;O,,(O,CR),,-
(H,0),] complexes is sketched in Figure 1. Three main strat-
egies of deposition have been devised to graft Mny,-type
complexes on gold substrates:"” direct deposition of suita-
bly-functionalised molecules on native metal surfaces """
deposition of mative clusters on pre-functionalised
metals,*" and pre-functionalization of both partners with

Chem. Eur. 1. 2008, 14, 7530 - 7535

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




Turning a nightmare into a vision

news & views

MOLECULAR MAGNETS

How a nightmare turns into a vision

Two independent studies demonstrate how control over magnetic molecules on surfaces may lead to new
spintronics applications.

Heiko Wende

olfgang Pauli once claimed that
W God created the volume but

the surface was invented by
the devil. Maybe for this reason surfaces
have a sinister attraction for scientists
fasci by the possibilities of
new effects and hence functionality
at surfaces. But the interactions of
molecular adsorbates with surfaces can be
complicated and the experimental control

due to an exchange interaction within
the molecule.
Gambardella and colleagues follow

issue: in contrast to the work on the single
molecular magnets by Mannini ef al.,
Gambardella et al. observe no coupling
a different route to control magnetism?. of the Fe spins in their supramolecular

At first they assemble a two-dimensional network through, for example,
pletely  supr network in situ on a copper  intramolecular exchange interactions. In
single crystal. Then they demonstrate that their case, the Fe spins are ordered only by
the preferred magnetic orientation of the the applied magnetic field. However, for
system, its magnetic anisotropy, can be the single molecular magnets investigated
controlled by the adsorption of oxygen by Mannini et al, the spins within one
of these systems can easily turn into a molecules. Without the adsorbed oxygen molecule show ordering phenomena at
nightmare. Two works published in this lecules, the sup lecul bl a temperature of 0.5 K. Still, owing to
issue by Matteo Mannini and coll. ! isting of Fe and b dicarboxylic resonant tunnelling effects in zero field,
(page 194) and Pietro Gambardella and acid can be magnetized easily parallel to the remanent magnetization of their single
colleagues® (page 189) go through this the surface plane. After oxygen adsorption,  molecular magnets remains pretty small.
nightmare of surface physics in order this easy direction turns out of the plane. As both studies are carried out at very
to come closer to realizing the vision of The use of oxygen as an adsorbate is low temperatures in the kelvin and even
molecular spintronics. particularly interesting, as in another recent  sub-kelvin regime, and the important

In addition to conventional electronics, ~ work it is demonstrated that the magnetic magnetic effects are determined at sizeable
where electron charge is used to carry coupling of paramagnetic porphyrin applied magnetic fields ranging from
information, the basic idea in spintronics
is to exploit the spin, where the use of
magnetic systems allows control through,
for example, magnetic fields. Magnetic
molecules are widely studied as suitable
candidates for spintronics applications.
Their advantage is their broad flexibility,
shown by the fact that complex organic
molecules are also nature’s preferred
systems for realizing highly complex
processes. However, molecules must
always be seen as part of the environment
they are placed in, and to use molecular
spintronics for real, a fundamental
understanding of the basic interactions
of magnetic molecules with surfaces is
essential. It is in this context that these two
studies move a step closer to the molecular
spintronics goal.

In the work by Mannini et al., the focal
point is the identification of a magnetic
memory effect of a monolayer of single-
molecule magnets consisting of Fe,
complexes wired to a gold surface' (Fig. 1).
They achieved this by demonstrating
that the single molecular magnets show
a magnetic hysteresis, meaning that the
behaviour of the system depends on
its history. Under certain conditions,
controlled by temperature and the
applied magnetic field, the Fe spins in the
individual molecules undergo ordering

molecules to ferromagnetic surfaces canbe  0.25 T up to 6 T, an immediate realization
tailored through oxygen atoms®.

It is helpful to look at the similarities
but also the fundamental differences
between the two studies published in this

of a molecular spintronic device is not
yet possible. Nevertheless, both works
demonstrate the current possibilities and
the new frontiers of surface science. An

Figure 1] Controlling magnetic molecules on a surface. In the work by Mannini et al! single-molecule
magnets are bonded to a surface and characterized by the highly sensitive X-ray magnetic circular
dichroism technique'.
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important conclusion of both studies

is that the interaction of the magnetic
molecules with the surface does not
destroy the magnetic behaviour. In
particular, in the study by Mannini et al.
the single molecular magnets were
connected to the surface by thiolate-
terminated aliphatic chains that allow
direct control of the magnetic interaction'.
This bonding was achieved through a
wet-chemical synthesis making use of
self-assembly effects.

In contrast, the supramolecular network
studied by Gambardella and colleagues
was constructed using self-assembly by
evaporating a molecular precursor layer
of terephthalic acid (TPA) followed by
deposition of Fe atoms from an electron-
beam evaporator under ultrahigh vacuum
conditions. Interestingly, both studies

use X-ray absorption spectroscopy at
modern third-generation synchrotron
radiation facilities to reveal the secrets
of their molecules. The X-ray magnetic
circular dichroism technique provides
the necessary sensitivity to probe the
magnetic properties of the molecules in an
element-specific manner.

With these techniques it is shown
that Fe does indeed connect to the TPA
molecules, and thereby the interaction
with the Cu substrate is weakened®. To
support these findings on the electronic
structure, the experimental results of
Gambardella et al. are accompanied by
solid density functional calculations and
atomic multiplet calculations to model the
experimental X-ray absorption spectra®.
In ref. 1 the experimental spectra reveal
that the single molecular behaviour of the

Fe, complexes is not destroyed by their
connection to the surface, owing to their
structural stability and redox robustness.
This is a clear advance over well-studied
single molecular systems such as Mn,,.

In conclusion, both studies demonstrate
that the hell that is surface science is not
the worst place to be, and that fascinating
science can emerge — as long as the place
is cooled down sufficiently.

Heiko Wende is at the Fachbereich Physik and
Center for Nanointegration Duisburg-Essen
(CeNIDE}), Universitiit Duisburg-Essen, 47048
Duisburg, Germany.

e-mail: heiko.wende@uni-due.de
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stem cells can become any other
cell type. But therein lies one of

=
—|
=
=
>
=
=
_|
=z
m
(%]
(V2]

decision is generally made in the

that serve the same role.

more surprising determinant of

the biggest challenges — for how
does a stem cell decide its fate? This

body through complex biochemical
pathways involving diffusing signalling  the prospect of using nanopatterned
molecules. One approach to stem-cell
therapeutics is to manipulate these
routes using either natural signalling
factors or synthetic small molecules

But there can be another, perhaps

stem-cell fate. It may be influenced
by purely mechanical means such as
stretching or stressing cells, for example  differentiation that seems to be purely
by altering the stiffness of the matrix
in which they grow. M hymal

SHAPING FATE

The promise of stem-cell therapies
for tissue regeneration hinges on the
fact that, to a first approximation,

1 1 "

in their outer
But more surprising is the fact that
they seem responsive to texture and
order. MSCs grown on nanopatterned
polymer surfaces have been found to
become more osteoblast-like when the
surfaces are embossed with random
arrays of nanopits, compared with
regular, ordered arrays®. That raises

matrices to define the distributions
of cell types in new tissue seeded
from stem cells, for example in
bone regeneration.

How does this work? Shu Chien
and co-workers at the University of
California at San Diego now think
they have some clues’. They have
found a new guiding factor for MSC

geometric. They grew human MSCs
b

on of aligned arrays of

progenitors of many cell types

muscle-making myoblasts and

stem-cell therapy.

for example via switchable ion

including bone-growing osteoblasts,

tissue-making fibroblasts, will guide

differentiation towards myoblasts in a
soft matrix that resembles brain tissue,  they adhered well but didn’t really
but towards osteoblasts in a hard,
bone-mimicking matrix". This suggests  tubes they became long, thin and
a role for materials engineering in

It's been long known that cells can
sense and respond to deformation,

stem cells (MSCs), which are potential titanium dioxide nanotubes with

varying diameter, from 30 to 100 nm,
made electrochemically from thin
films of titanium. The behaviour of

PHILIP BALL

protein: an extracellular matrix
deposited by the cells, through which
they can adhere to the surface. But
these blobs were far less abundant on
the wider tubes, simply because there
is less space to put them. As a result,
cells seeking to anchor themselves have
to stretch further in the latter case,
and the researchers think that this
defc ion triggers di iation to
a bone-forming lineage.

That not only suggests a way fo
guide bone growth by controlling
nanostructure; because titanium

the cells was strongly dependent on
the nanotube size: for 30-nm tubes,

differentiate at all, whereas for 100-nm

osteoblast-like.

Elongation is the key. Chien
and colleagues saw that the smaller
bes became quickly d
around their open ends with blobs of

q

are th Ives good
candidates for a biocompatible bone-
fostering implant material, they can
do two jobs at once, providing both
support and guidance. m}
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The iron option: tetrairon(lll) propellers

[Fe,(OMe)s(dpm)s] (O Fe* (s=5/2) [Fe,(L),(dpm)] (Fe,Ph)
O O . C

Hdpm = U/Ks ~ 15-16 K
P M ® O B

S. Accorsi et al., J. Am. Chem. Soc. 2006, 128, 4742



The iron option: tetrairon(lll) propellers

0.017 T/s

A. Cornia et al., Eur. J. Inorg. Chem. 2019, 552



SAc-functionalized Fe,Cn complexes

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



Monolayer sample of Fe,C9 on Au(111)
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Memory effect of Fe,C9 on Au(111)
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Memory effect of Fe,C5 on Au(111)
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Memory effect of Fe,C5 on Au(111)
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Clean, «chemistry-free» deposition

substrate

Fe,Ph w

Au/mica substrate, 10 min, .
P =107 mbar, T=480-510 Kk  heated crucible

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

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



Magnetic hysteresis from a monolayer

STM imaging conditions:
30K, 3.5V, 10 pA

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



Heterobimetallic propellers: Fe;CrC5
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E. Tancini et al., Chem. Eur. J. 2013, 19, 16902



Monolayer sample of Fe;CrC5 on Au(111)
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Monolayer sample of Fe;CrC5 on Au(111)
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60+
-80 50 kOe
0 100 200 300
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o

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



Exotics n.1: Mossbauer spectroscopy

- - V>0 m
H He +3/2
Li | Be (2.2%) B/ C|N|O|F|[Ne | =3/2 12

5‘/ = = '1/2
| Al S|P | S |Cl| Ar
-3/2
Mn H Co
- R 14.4 keV
(y-rays)
A2
=12 "% °
Pm Gd Tb Dy Ho Er Tm ¥ 4 5 6 172
Np Pu Am
»element-selective local probe, sensitive to oxdn. state,
coordination environment, spin state & magnetism 2
. . . eg o o . 3 5 6
*with conventional equipment, sensitivity is too low for
studying molecular monolayers Doppler velocity (mm/s)

M. E. Pandelia et al., Biochim. Biophys. Acta 2015, 1853, 1395



>’Fe-enriched Fe,C5 @ESRF

-\/\’\fﬁ/m
40K
|40°/° bqu reference

monolayer

Normalized counts
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x X X
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£\
-

; _ - ' ) on Au
90 -60 -30 0.0 3 0 6 0 9 0 90 60 -30 00 30 6 0 9 0
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,}%
o +2.0833
- -2.3611
Mo =
S -2.3611

- —2.3611

A. Cini et al., Nat. Commun. 2018, 9, 480



Exotics n.2: endohedral fullerenes

Th,@Cg4,(CH,Ph)-pyr,

Robust Single Molecule Magnet Monolayers on Graphene
and Graphite with Magnetic Hysteresis up to 28 K
Lukas Spree,* Fupin Liu, Volker Neu, Marco Rosenkranz, Georgios Velkos,

Yaofeng Wang, Sandra Schiemenz, Jan Dreiser, Pierluigi Gargiani, Manuel Valvidares,
Chia-Hsiang Chen, Bernd Biichner, Stanislav M. Avdoshenko,* and Alexey A. Popov*

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



Exotics n.3: dysprosocenium ions immobilized on silica

Tailored Lewis Acid Sites for High-Temperature Supported Single-
Molecule Magnetism

Moritz Bernhardt},§ Maciej D. Korzyﬁski,§ Zachariah J. Berkson, Fabrice Pointillart, Boris Le Guennic,™
Olivier Cador,* and Christophe Copéret™

By \ * slow magnetic
fBu tgy C! relaxation up to 51 K
‘B \ Al@Sio O pl & . '
u o 2 .y A open hysteresis loop
Bu 0"\ o upto 8K

M = Dy (Dy-Al@SiO,)
Y (Y-AI@SiO,)

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



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 Mossbauer
spectroscopy, scanning probe methods)

® TO BE DONE: combining top performances (high Ty values) with processability
and chemical stability under ambient conditions; enhancing SMM behavior via
molecule-substrate interactions; ... ... ...

Further readings

G. Gabarro-Riera, G. Aromi, E. C. Sanudo, Magnetic molecules on surfaces: SMMs and
beyond, Coord. Chem. Rev. 2023, 475, 214858.
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