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@ Introduction

@ 0d Materials (Single Molecule Magnets)
@ Reversal of the magnetization: thermal process
@ Reversal of the magnetization: quantum process
@ Rational Design of SMMs

@ 1d materials (Single Chain Magnets)

@ Addressing individual molecules
@ SMMs on surfaces
@ SMMs in transport expertiments




Organic ferromagnets

Magnetism of S=1/2 for each molecule, not of “impurities”

.jlﬂ/ C:: ~  the first one (1991)

Tc= 0.6 K

F

s—N; the highest Tc

o C=N

- F Tc=36 K
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fkinze Magnetic Exchange in Molecular Materials

(‘Jxx Xy 'JXZ\
H=S5,J'S _
PRVEST i=|3, 3, I,
3, 3, 3,
Isotropic Anisotropic Antisymmetric
(Heisenberg) (traceless (Dzyaloshinsky-
J=1/3Tr(3) ~ Matrix) Moriya)
% ° o

¢ o €@ ' .
@ ¢

Favours AF interaction Favours F interaction



S=5,+59,

S7=(S, +Sy) °= 52 + Sp* +2S, S,
S, Sp=Y2(S%- S;7- Sp?)

=3, J2(S%- 5,2- 5,2 )
E(S, S,,S,)= J../2(S(S+1)-S,(S,+1)-S,(S,+1))
Lande’s rule for the intervals: E(S) - E(S-1) =JS

Nu%gz 2SS+ 12S+ Dexp(—=LE(S)/kT)
XM:]-/S kT L (25+ Dexp(—E(S)/KT)




Sa

H =JSasSc+J’SasSb+J”SbeSc

St=(Sa+Sh)+Sc=Sa+(Sb+Sc)=
=(Sa+Sc)+Sh

7 => 73S,

BN

1) St2 commutes with 7+,
2) Stz commutes with ,

3) In zero field and zero anisotropy each
St state Is (2St+1) degenerate

4) The base is defined by n-1 intermediate
spin states plus St
e. g.:|Sa,Sh,Sc,Sab,St,M>

5) # does not commute with intermediate
spin states ( e.g. Sab)
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The magnetlc anisotropy is mainly associated to the asymmetry of the crystal field

Her = » ByOK  with N =2.4.6.....25.
N.k and —N < kE<+N

Stevens operators

The O™ operators are defined as:

09 =352 —s(s+1)

1
03 = 5(5_{ + §2)

@ = — [30s(s + 1) — 25|52 4+ 3s%(s +1)2 — 6s(s + 1)
1
O = Z[753 —s(s+1) —5](S2 +52)
1
+Z(S2 + 52)[752 — s(s+1) — 5]
3 1 3 3 1 = 13
O3 = 75:(5% + S2) + 7(S3 + 52)5;
4 1 4 4 !
01 = 5(S4 +52)



| fenze Magnetic anisotropy in molecular materials

Alternative notations commonly used

Hop =S DS = D282+ DyyS2 + D, S2

1 i 1
D = Dzz = §Dmm == §Dyy;E — §(Dm:p = D-yy)-

1 :
Her =D [Sf - §S(S + 1)] 4 B(82 = SS). with —1/3 < E/D < +1/3.
Hep = —D'S2 + BS2

with B=2F and D' =—(D + B/2)
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Energy




First evidences of Quantum Tunneling
INn nanosized magnetic particles

(difficulties due to size distribution)

C Quantum Coherence In
ferrinydrite confined in the ferritin
mammalian protein

(inconclusive due to distribution
of iron load)

10



* The continuum of
levels within the
potential wells breaks
down and quantum
size effects, like
tunneling, are
observed: this is the
exciting region for new
properties

m=0

m=+1 < =
m=+2 7/ \\ m= 3
m=+3 / \ m=
Mm=+5 - m=-5
tunneling
m=+6 m=-6
m=+7 m=-7
m=+8 m=-8
m=+9 m=-9
thermal
activation

m=+10

1m=-1 0
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CIPARTIMENTO
o Ch ’

m=0

m=+1 $ 2~ m=-1
m=+2 T 7 N i =
m=:3 4 7 \ ¢$ ::-3
m=+4 me=-4
S, | m) =m|m) M=+ m=-5
m=+6 m=-6

E?n, — _‘D|_n1_2 =

m=+8

0s?

siven by |

At equilibrium, the probability p?” that the spin is in state | m) is

[] . P m=+9 m=-9
Pm = (l/Z) EXP[—;J(E?R}] thermal
activation v
Intuitively, it may be expected that the relaxation rate 1/7 m=+10 m=-10

I= [}l'l}[}ljf'[:.lJ]'.f!... to the [}['lJ.:]i':l.:]:...:.['l' to be at the Lop of the barrier.
/7= (UTUJPH = (1/Z)(1/70) exp(—5BEp) ~
~ (1/79) exp[—B(Ey — E,)| ~ (1/7) exp(—3|D|s?)

1=10eXp(AE/KpT) 1
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Single Molecule Magnets: a school of physics

AL

m,

Spin projection - m,

-10-8 64202 4 6 8 10
& :
§
R E_, E,
E_< -ES
E_ - -E
E .- -E,
AE ~ D§? ~Ey
10-100 K
E,

"down"

Thermal activation

o 7= 1,eXP(AE/KGT)

AE/kg=65 K

10-"’:
T 104
1074 -
2_0.7 K ]0—32/"...
01 02

0.3 0.4
7-YK!

05 - 13
- Sessoli et al. Nature 1993



MAGNETIZATION (u,)
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l\l\,ll H\

il | =eee  Master equation and transition probability
The tlme evolutlon of the population of the |[m> state is given by:

L) = 3 Ppalt) = 2]

q
Where v are the transition probabilities independent tfrom each other (Markov process)

And are related to spin-phonon interactions.
A trivial solution is that at equilibrium: P’ = (1/Z)exp(—BE,,)

Z [ mpg o .'??1 ?ﬂ,:| =0

q

The detailed balance principle tell us that also each term of the sum vanishes at
equilibrium 77 p), = 7 p),
??1’ Tre

Ym [ Vmr = p?n /p?n — EXI)[J-,( mo E?R’]

15
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Solution of the master equation

In a more general case (biaxial anisotropy, transverse field)

m*) = Z ;;:S:) m’)
With k=0,1, 2..,2s.

The population of each state varies exponentially:

pm(t) = ¢ exp( t/7)
And substituting in d- ot Z Ve (t) — V& P (t)]
q

iH(M L E {ﬂ,??yﬁ(k} 4, L)} E ~ o §m E g | (k)
o T g T q 'm¥m g q fm | Fgq

q q q

where the Kronecker symbol 87" (=111 ¢ = m, while 8]" = 01l ¢ # m) has been introduced.

16
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The Master matrix

2s5+1 2s5+1 m'
e 7 ;ym ) \Nys,1 )

There are 2s+1 solution of (detl™-1)=0
One solution is A=0, corresponding to t=co (the equilibrium)

1
The relaxation rate at low temperature is T = rT)P%X — I

i 27



Transition probabilities

The allowed transitions for spin-phonon coupling have

m-m’|=1,2
o2l o ook, ook Jealsos o5 s )

When (E-E,) is small (which also corresponds to the top of the barrier) the
transition probability is small because of the factor (E,,-E,)* , which mainly
reflects the fact that there are few phonon states of very low energy.

T=1,eXP(AE/KgT)
TO(SMM)> TO(MNP) 18




1/T (1/K)

2 weeks pb> ' '
12 i _— = l__
] ] Quantum ]
: I tunneling
15 4 :
I
IR i
& 0r .
JE= i
4 | i
-8 r
| -12 '
0.8 0 4

1/T (1/K)
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Hop = DSS T E(Sg — 52)

Y

g0 _ gl _

m m’
\ 7 gupH""™) = |D|(m +m')
M= b 3a ¢
M=9 M=-9
M=10 M=-10 N v
E ] 29
\ ] pd ~
S > =
H,#0 -~ Py
P r:ul- . &D
&> o
Q - S 52
|
7 s @
> >
H/gpsD
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Two levels description

Diagonal terms oc S, Em* ho;
Out of diagonal terms oc S, | ho; Em’*
* *\ _/m'* 1k 2 2 2
A= <m | H |m >2<m | H |m >zg1u8(m_m-)d_|2/2 &:i\/A +h a)T

| Dy) = | m*)cosp+ | m'")sin ¢

hao.

| tang |=
| dp) = —|m")sing + | m'™) cos ¢ ‘6E ZBA‘
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Tunneling

on

-3 2 -1

: 0
o B, (T)

cnergy

© H=0 Tunneling “of f"

Thomas et al., Natzge 1996
Friedman et al., PRL 1996
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Axial Rhombic Tetragonal

Fia. 2.2, The distance of the surtace from the origin represents the classical
potential energy of a spin experiencing a uniaxial crvstal field with negative
D (lett). the same including a transverse second-order term (middle), or a
transverse fourth-order term (right).

~2 ~ 2 ~ 2
H = DS? + E(S? —S2) + oo

25



Tunneling and symmetry

H="Hy+oH Ho = —|D|S* + gupH.

* Biaxial anisotropy (rhombic symmetry, X2y #2)
0H = (B/4)(5% + §2)
(m|#r|m)=0 only when |[m-m’| is even

) =) (s —2p)

s — 2p)

26



Simulated relaxation time

Relaxatiom time for a Fe4 star: S=5 D=-0.4 cm! E=0.04

0.004

0.003 |

tau (s)

0.001 |

<
<)
\
0.002 | ¢
. \ 4
W

--o Hx=100 Oe
-+ Hx=0, 6=1°
Hx= 0

S,

0 5000 10000 15000 20000

Hz(Oe)



Tunneling and symmetry

H="Hy+oH Ho = —|D|S* + gupH.

« Uniaxial symmetry (e.g. tetragonal symmetry, x=y #z)
§H = C(S* +5%)
(m|#r|m)=#0  only when [m-m’|is 4n

) =) (s — 4p)

s — 4p)

For any symmetry tunneling in zero field is not allowed for an half-
Integer spin state

28
The Karmers’ degeneracy
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Relaxed selection rules

Tunneling

on

14 Mn,,-ac e
0,5
wn
S o]
=
0,54 ; :
-1 ; ..,.,-..-1 .'.: —..-.r--".' . — - -.%._.-_-.'-
=3 -2 -1
B (T)
Low temperature H=0

step is an artifact

Tunneling "of f*

Thomas et al., Nature 1996
Friedman et al., PRL 1996



Simulated relaxation time

Relaxatiom time for a Fe4 star: S=5 D=-0.4 cm! E=0.04

0.004

0.003 |

tau (s)

<
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\
0.002 | ¢
. \ 4
W

0.001 |

S,

0 5000 10000 15000 20000
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KEEF  Fe, SMM
4%.’\ | biaxial symmetry
> Va3 ey
‘L3**!“'t'
100 - I I I T T T T T T T =
E Vv Q= 900__
[ vY —_ 500_
10 F u 20°
§ -

0.1

TS STEIAN Y
VY RRRANVY
o/

¢=90°

Intermediate
axis

¢=0°

hard axis

31
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Easy axis

32

Hard axis



i: (i Destructive Topological Interferences

i destructive if
RN
A=kn/S (k odd)

,N\\I _ AHX =
&V ¢ 2/ g HB\/Z E(E-D)

/
\ /
) 7/
XN
X /

<

Sl A. Garg. Europhys. Lett.
1993, 22,205 33

Hard axis



Destructive Topological Interferences

H=DS,* + E(S,7-S,4)+C (S,*-+S %)

calculated with

experimental

D=-0.29,E=0.046,C=-2.9x10~ K

| | | | | |
f 10 0- 90° 0- 50°
. Q'ZWH,N"“
@)
)
_7°
O
=
A
: 0-0
c
= M=-10 -> 10
01 | | | | | |
0 02 04 06 08 1 12

Magnetic transverse field (T)

14

-7 K)

|
(@)

Tunnel spitting (10

o
|

U

| —

| | | | |
0= 90"
50 __
30° :
20°/f
100,/_
50/5
0° ]
| | | / E
02 04 06 08 1 1.2

Magnetic tranverse field (T)



UNIVERSITA
DEGLI STUDI

D
ZE

Parity effect on the topological interference

Tunnel resonance [m,=10> <>|m_=-10+n>

Ernergy (K}

100

%

1 UL FTTT
>
1

The effect of the
transverse field Is
different for
allowed and
forbidden
guantum
resonances

|Q|| 1

35
W. Wernsdorfer and R. Sessoli Science 284, 133 (1999)



Engineering Single Molecule Magnets

Why high order Spin Hamiltonian terms are important ?

AL Spin projection - m,

Wi e Bl 5 ok 6 E Tunnel splitting according to perturbation theory
;:d H ="Hy+0H Hy = —‘Di“f) + gupH.
U
S| E -E
| = . . at m-de‘ SHis H
E.s T -E, HE | Zeeman
E. LE, b = a1Dls2 [ 9B H: o
CEEEEEN D] (25)!
E. £ D|
N 9) : * SH = (B/ANSE ~ 62
E—H | up‘ dum\n —ES Z. at Old YH (B’,JJ(S_ > Jall| 2th Order
-z ‘% i%’ . B\ (2s)
E_ LE hwr = 4|D|s" -] —
-9 9 ey S 16 D\ (.s!]-
”, ‘ -~
Eaof Ao _th Eyo 3. At ordCf 0H =C(SL+52)
fTunncl snlittine < 10 Y2 (25)!
hawp = 4|D|s” (—) YT
‘lb|D_ [(H/Z]!j"

36



From the single spin to the pair

Hss = —J1251 - So
S1 — 55| <5 <51+ 5,

W(S) = —(J12/2)[S(S+1) = S51(S1 + 1) — S5(5 +1)]

gs = €181 + 282

Dg =diD; +doDs + di2Dyo

and
; S1(S1+1) — Sa(S2+ 1)
c=
S(S+1)
3[81(S1+1) — S2(S2 + 1)]2 + S(S+ 1)[3S5(S + 1) — 3 — 251 (S1 + 1) — 252(S2 + 1)]
Cy =

(25 +3)(2S - 1)S(S + 1)
45(S +1)[S1(S1 +1) — Sa(S2 + 1)] — 3[S1(S1 +1) — S2(S2 + 1)] 31
(25 + 83)(28 - 1)S(S +1) :

(& —



Magnetic anisotropy of spin clusters

Ds=Y diD;+» di;Dy
i 1<]

Single lon Exchange
anisotropy

38
Non-collinearity is a key ingredient in molecular magnets



Non-collinearity of magnetic anisotropy

* High Order Transverse Anisotropy Is a key factor in Quantum
Tunneling of the Magnetization

* Its major source is the multispin nature of SMMs

* Non-collinearity of the anisotropy is necessary to observe

transverse anisotropy in axial molecules

Why spin non-collinearity is so important in Molecular
Magnetism?

* The use of organic ligand reduces the symmetry on the
metal ion

*Most organic compounds crystallize in the monoclinic or
orthorhombic systems

*If the symmetry of the magnetic center is lower than that of
the space group INEVITABILY more than one non-
magnetically equivalent center are present (metal ions not In
special Wyckoff positions)



Perspectives in molecular nanomagnetism

Mid-term goals:

@ Increase the blocking temperature

M Total Spin (intra-molecular interactions)
[4 Axial Magnetic Anisotropy

M Transverse Magnetic Anisotropy

M Inter-molecular interactions

M Hyperfine interactions

pe7 %0 %,
SBURRALL. 2

l"'o""'l';.\;




Evolution of SMMs

50 [
40 |
30 |
V) i
20 |
10 " ® Mglz .‘ |
_ MngR; ;’\ Fe,

1985 1990 1995 2000 2005 2010

41

year



Evolution

Mn, (S=12)

4 | , r (AE~80)
3 Mnlzl‘ |

;) I Brechin et al.

' | JACS 2007
2 | _
1 I

MngRg
I 2

0 L - -

1985 1990 1995 2000 2005 2010

42



Why do SMMs work only at low temperature?

Increase S, through Increase S, by the n° of
ferromagnetic interaction Interacting spins

D=>cd, but Coc—5 D=Ycd; but € oc——

AE does not increase with S,

43
O. Waldmann Inorg. Chem. 2007 Gatteschi et al. Molecular Nanomagnets,OUP 2006




Increase orbital contribution in 3d metal ions

ARTICLES

PUBLISHED ONLINE: 5 MAY 2013 | DOL 10.1038/NCHEM.1630

Magnetic blocking in a linear iron(1) complex

Joseph M. Zadrozny', Dianne J. Xiao', Mihail Atanasov?3, Gary J. Long* Fermande Grandjean?,
Frank Neese® and Jeffrey R. Long™

C -
| &
5 - + + dyz, dyz T= Toexp(Ue"/k T) o ©®
o T ® @
= i "
2 34 % + d,2.2, d, ?J 016 1 —=TkOo
& 2_. « 210142+ o@o
é = E 0.08 - Ou OOOOO
1 : |
] g 004+ o ‘_’igc
0- % d;2 - <I> ===
2 4 6 8
Fe(l) in linear coordination TK)
_ ~10 L P S S N
J=712 0.02 0.04 0.0 0.08 0184  0.12

1T (1K)



Lanthanides: a source of magnetic anisotropy

Dynamic Article Links °

Dalton
Transactions
Cite this: DOI: 10.1039/c2dt31388;j

www.rsc.org/dalton PERSPECTIVE

Lanthanides in molecular magnetism: so fascinating, so challenging
Javier Luzon®” and Roberta Sessoli** 45

T Dedicated to the memory of Ian J. Hewitt.



N,3 S=1/2

ARTICLES

PUBLISHED ONLINE: 22 MAY 2071 | DO%: 101038/NCHEM 1063

J(R-Gd) = 27 cm™
Anti-Ferromagnetic
S,=13/2

Strong exchange and magnetic blocking in
N23_-radical-bridged lanthanide complexes

Jeffrey D. Rinehart!, Ming Fang?, William J. Evans®* and Jeffrey R. Long'*
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Caneschi ef al.
P. Gambardella et al.

Angew. Chem. 2001 Nature 2002

0.10 4 I
] a T=45K
0.05 4
= a
= ] g _________
< .00
f_§ 4
S
= 505
] | Bl TR CENY
6 4 -2 0
0.10 4 B (T B (T
Y an o Figure 3 Magnetization of a monatomic wire array recorded at the Ly 04 édge. a, Mas a

T T T T T T T T T T
-40 -30 -20 -10 0 10 20 30 40 i ;
H (kOe) function of the applied field at T = 45K measured along the easy direction (filled
sauares) and at 80° awav from the easy direction (onen circles) in the plane perpendicular



Wz | s Spin Dynamics in Single Chain Magnets

E=)

ALttt rerents-

AE2s N L>¢ M(T): Msa’r ZXP(T/’C)
-&_tnnnnmmnnm- et 1= rgexp(43/keT)
AA- WL gIsingoc(ZJ/kBT)
Jittttt- 1000004 The relaxation time

A\creation annihilation/ diver'ges at low
At o000 temperature as &¢
collective

collective 48
reversal
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N. Ishii, et al.J. Am. Chem. Soc. 2008, 130, 24.



Finite size effects in SCMs

The role of diamagnetic defects in the dynamics

...... 0 ﬂ@éﬁﬂﬂﬁs(}ﬂ(}(}._-.._

2J 2J

J. K. L. da Silva et al. Phys. Rev. E£52 (1995) 4527
T oc 2~ exp(4T/kgT) if L »E,,
toc &~ exp (2J/kgT) if L << &y, -




Finite size effects in SCMs

In the &> Nregime

AE=2]) @ O

The domain wall motion
is a classical random walk:
propagation ~ 1

N -1
qua 2J D
AN Xp( kBTj £
£

T, Shifting



Finite size effects in SCMs

...taking into account mul

tiple events...

se22 ol [N E Tl
e LTTHTTEE AR R AN RN

For short segments
the UNDERBARRIER process can become faster than any thermally
activated mechanism

1 1

(N) 7

N

=—+aq

52



Transition from SCM to SMMs behavior

If g Is temperature independent the cross-over to
tunneling regime depends on the the length L

Log(x/s)

-10-

-12

-14

—e— [.=1000
—— =100
—a— =50
—a— | =30

—0—L=10

: * CA—A-D-D-D-LD--D-D-D-D-D-D- DL \
/ ~ _A-A-A
°® P WS

_/

5 6 /7 8 9 10
Ik T

Tunneling
regime

53



A perspective: switching from SCM to SMM

Perturbed state || short segments:
the magnetization can reverse
(collective reversal of the spins)

P TN,

M

4

r

Unperturbed state | | long segments:
the magnetization is frozen

(Glauber’s dynamics) >



Light-induced magnetic relaxation

nawre

. LETTERS
materlals PUBLISHED ONLINE: 2 DECEMBER 2012 | DOI: 10.1038/NMAT3498

Dynamic control of magnetic nanowires by
light-induced domain-wall kickoffs

Eric Heintze', Fadi El Hallak', Conrad Clauf®’, Angelo Rettori??, Maria Gloria Pini#, Federico Totti®,
Martin Dressel' and Lapo Bogani'*

@ ac.cdata

Excited ™ Absorption \N/eak er exchangé 1O SQUID data

& Noirradiation

state ]O_Oo.azschm 2
@1.05uWcm2
@Q, @135 uWcem2
;(\

1917 pW em2
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+ Why magnetic molecule @ surfaces ?

@ Electric field can be much more “local’

@ Address individual molecules

Molecules in nano-junctions Scanning Probe Microscopies

AR

Source| ° y\/\’/g@ o| Drain




B Néei State ‘0’

Bistability in Atomic-Scale T . d
Antiferromagnets o e

Sebastian Loth,™%* Susanne Baumann,’? Christopher P. Lutz,* D. M. Eigler,* Andreas ). Heinrich™
c D

— 1 M

Fig. 3. Thermal stability of AFM arrays. (A to €) STM images of (2x6) and (2x4)
arrays of Fe atoms. (A) 1.2 K. Both arrays have stable Néel states. (B) 3.0 K. The E

smaller array switched rapidly during the image. (O 5.0 K. Both arrays switched -
rapidly. Image size, 7.7 x 7.7 nm. Image was taken at 2 mV and 3 pA, and image 100 L '
acquisition time was 52 s. (D) Schematic of the atomic positions of Fe and Cu,N  —
substrate atoms in (2xn) and (1xn) arrays. Cu atoms, yellow; N atoms, lightblue. » 10l
Ball colors depict the spin alignment of one Néel state, with red being parallel ©
and blue antiparallel with the tip’s spin. (E) Arrhenius plot of the switching rates & [
for the arrays of (A) and a (1x8) and (1xé) chain (fig. S5). The determination of 2 1t
switching rates is explained in fig. S3. Magnetic field was 3 T. Fig. S4 shows = i
comparison to a 1-T field. Fit parameters are given in table S1. § 0.1
() E
0.01¢

IBM Research Division, Almaden Research Center i L
: 03 04 05 06 O.

1/T (K1)
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Kermn 54954 22008
Hietschol et al. JACS 2011

M (emu)

0.20-.
0.15-.
0.10-.
0.05-.
0.00-.

-0.05-.
—0.10-.
-0.15-.
—0.20-.

O Thermally Evaporable
 Flat

] Large magnetic moment
1 Large anisotropy

O High Ty

0.6 T/min




a) Komeda et al. Nature Commun. 2011
b) Candini et al. Nanoletters 2011 59
¢) Urdampilleta et al. Nature Materials 2011



16 AUGUST 2012 | VOL 488 | NATURE | 357

doi:10.1038/naturel11341

Electronic read-out of a single nuclear spin using a
molecular spin transistor

Romain Vincent!, Svetlana Klyatskaya®, Mario Ruben??, Wolfgang Wernsdorfer' & Franck Balestro'

60



Challenges

@ Chemical stability on surfaces

@ Robustness of SMM behavior

61
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FIRENZE X-ray Magnetic Circular Dichroism

CIPARTIMENTO
O CHIMICA

*Element & valence selectivity

Chemical Selectivity:

atoms & valences (Mn2*, Mn3*, Mn#4*)

.\
- Surface sensitivity when ~ * § 7 g - N
absorption is detected as L/ ‘(‘3 / g P 2) absorption
Total Electron Yield (b xS = )
o &/3 . 87 ‘D) T.E. Y

«c) Fluorescence

62
detector detector



% XMCD

TbPc,
Terbium bis-
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In muon spin relaxation
muons are employed like
local probe of magnetic field.

Muon: S=1/2
Muon decay (life time 2.2 us)

+
" > e"+yv, tv,

Positrons are preferentially
emitted along muon spin

5N
1N

Measuring the varation of

muons.

the spatial
distribution of positrons emitted in the time
it's possible to obtain information about the
local magnetic fields experienced by the

Positron
Spin-polarized detector

muon beam

wt Muon
\) detector

Electronic clock

&

Spin-polarized
muon beam
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Implanted probes (8Li*

Polarization

& & B % 40 15 14
Dlpolzu Field [a.u.] 0 2 4 6

Time [ps]

Muon: S=1/2
Muon decay (life time 2.2 ps) Low energy muons

" ———> ety TV,

Positrons are preferentially emitted
along muon spin
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In collaboration with Zaher Salman @ PSI



“TbPc, SMM films: implanted muons studies
Gradual increase of the relaxation time on increasing the distance from the Au

substrate
‘0. Img:}l::gt:lgn Iz ""

27 % >
7F !
0 IAIIAAIIIIIIIAIAIIIIILS)
- 61 Thick film
= 5 J

-
4} | o
. p 62i22nm Thin film |
2 - 74/19nm 2
| 83/16nm  90/14nm|

| | e e s w0
S _ o E[keV]
Molecular packing is more important than electronic interaction with the
substrate
Hofmann & al ACS Nano 66

doi:10.1021/nn3031673
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PRL 107, 177205 (2011)
Coupling Single Molecule Magnets to Ferromagnetic Substrates

e ST [y s - | | | . A 2 3 ay & . 3
A. Lodi Rizzini,” C, Krull,” T, Balashov,” J.J. Kavich,” A. Mugarza,” P.S. Miedema,” P. K. Thakur,” V. Sessi,
’ y 4 45 o ) . T8
S. Klvatskava.® M. Ruben.*® S Stepanow.” and P, Gambardella'
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Surface induced hysteresis @ 300 K

J J ,
- 03 Fe octaethylporphyrin (OEP) chloride molecule
T ;f"‘) 1 >, Sublimated on Co or Ni films on Cu(100)
o y J 2

Wende et al. Nature Materials VOL 6 JULY 2007, p. 516



S =3x5/2-5/2=5
v

Lower Tg than Mn,,




Fe;M propellers

Fe Fe
Fe-
v
Fe Fe Fe Fe
S=5 S=6 S =13/2
D =-0.45 cm' D =-0.16 cm-! D ~-0.35cm™
AE ~15 K AE ~8 K AE ~21 K

100% pure Small impurity of Fe,
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"t Adding remnant magnetization by chemical design

10 - |
5
Y
—
m
= 0
Fe Fe >
—— T=90 mK
- —— T= 450 mK
—— T=900 mK
-10
2 -1 0
u H (T)

Zero Field Tunneling is less efficient for S=13/2

71
In collaboration with Dr. Carley Paulsen @ CNRS, Grenoble



Functionalization of Fe, clusters

- Functionalization by means of ligand exchange
- Two triol ligands take the place of six methoxides
- Sulphur-based functional groups make cluster bind to gold surfaces

P § »
6" "&'w "’M
d |9
O o 0 0O
/u\ /\/\/\/\/—60 OW )j\
S o o S

FedCOSAC
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. Deposition of molecules on surfaces




French End-Station (TBT)
setup by
J.-P. Kappler
(IPCMS, Strasbourg)
&
Ph. Sainctavit
(IMPMC. Paris)

[-UHV, bakeable )
«3He-4He dilution refrigerator:
T =500 mK

*Superconducting coil :
\_ -TT<B<+%T
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V| Magnetic hysteresis of Fe, wired to a gold surface

D1 CH
VG0 SCHIFF™
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i H (T) Mannini et al. Nature Mat 2009: doi:10.1038/NMAT2374
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- Magnetic hysteresis of Fe, wired to a gold surface
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Mannini et al. Nature Mat 2009: doi:10.1038/NMAT2374




DFT calculations by
Federico Totti
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XNLD: An experimental
technique sensitive to the
orientation of molecules on the
surface
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Mannini et al. Nature 2010, 468, 417
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Metastable state 15
Magnetic Field (kOe)

Quantum Master Matrix
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4 > | Spin-Hamiltonian Matrix Integration over
Calculation all permitted
orientations
[ Diagonalization
_ -~ Eigen-Vectors
[ Eigen-Values IJ o) =" Ad|m)
& : o - )
4 V. N ( Diagonalization of
Pn(t=0) Calculation of Mgster equation
transition > Py
probabilities yA :
\. , ~/ \ Calculation of 1
, - J
(" Calculation of the change )
HrmH+dH In population
d _ P - ( To have a N
Ep?n(t) — Z [ﬂf’q pq(t) T ﬂa"mp?n(tﬂ sta’[|st|ca|
> — / average:
4 LaICU|at'ﬂ5_th_\| nof the c »'=4/10000

n & dH are chosen magnetization

to correspond to dE,
experimental M(t) = —Z P () e
sweeping time ) \_ " J

and is cycled
S— \overncycle/
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Numerical Simulation of the Magnetic Hysteresis

T=650 mK

% XMCD
Energy (K)

. 210
_ 2 . .
@ : -12.36
° g \/
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| Calc. 5 8
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1 1-10 - [-12.42
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Surface treatment (sputtering,
annealing)

- " Evaporation of metal
¥ & molecules

_ 4 Variable temperature (20 K)
STM & AFM
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@l | .= STMimage of Fe,Ph evaporated on Au(111)

Z Tracelp FriMay 25121351 2012 |7-3] STM_Spectrozcopy STM

Fe,Ph is weakly bound
to Au but does not
form multilayer
aggregates

Malavolti et al.in preparation



XMCD (%)

-40 -
| —o—0 =45°

Fe,@AuU; Fe L,edge

| —e—0=0°

angular dependent hysteresis

. . . 87
preferential orientation on the surface
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Fe,@Au; Fe L,edge

404 —*0=0° | Simulated Hysteresis
| —*—0 =45° using a 45° cone
220 .
S
= 0
O
=
X 20
40 -




Beyond SMM

Spin cross-over
B g

eg R B 8S$=2
\_\‘ * 4

As| Ay
i &y by 4y ’_,_,..-At-ﬁ 4 4

.

Winpenny, Affronte
ACS Nano 2012
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Evergreen spin crossover compounds

Fe'(phen), (NCS), :é\o(\
nature

COMMUNICATIONS

Robust spin crossover and memristance across
a single molecule

Toshio Miyamachi1v2, Manuel Gruber'3, Vincent Davesne!-3, Martin Bowen3, Samy Boukari3,
Loic Joly3, Fabrice Scheurer3, Guillaume Rogez3, Toyo Kazu Yamada'#, Philippe Ohresser>,
Eric Beaurepaire & Wulf Wulfhekel"2

Evaporated @ CuN/Cu
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Magnetoresistance without magnetic electrodes

D8 CHIMICA,
VG0 SCHIFF

] ] DOI: 10.1002 janie.201208816
Molecular Spintronics /

IFano-Resonance-Driven Spin-Valve Effect Using Single-Molecule

Magnetsz:zz::
Kwangwoo Hong and Woo Youn Kim™* 'Spm-up
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Further reading

VG0 SCHIFF

SMM & Quantum Tunneling:

Molecular Nanomagnets
D. Gatteschi, R. Sessoli, J. Villain
Oxford University Press 2006 o v
o7 VY
SMM & surfaces i o oo B 1-x Vol 122

© Springer—\*’erlagf lin Heidelberg 2006
Published online: 2006

Preparation of Novel Materials Using SMMs

Andrea Cornia' (-=7) - Antonio Fabretti Costantino! - Laura Zobbi' -
Andrea Caneschi? - Dante Gatteschi® - Matteo Mannini® - Roberta Sessoli?

Magnetism & Magnetism and Synchrotron Magetisman
surfaces Radiation, adat

Springer Proceeding in Physics

Single Coulon, C.; Miyasaka, H.; Clerac, R.
Chain Structure and Bonding; Springer:
Magnets Berlin, 2006; Vol. 122, pp 163-206.


http://images.springer.com/covers/978-3-642-04497-7.tif
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POST-DOCTORAL POSITION AVAILABLE

In the frame of an ERC Advanced Grant awarded to the University of Florence, Department of
Chemistry, for the research project

Molecular Nanomagnets at Surfaces:
Novel Phenomena for Spin Based Technologies

é\ﬁg.!ngmm_s

a POST-DOCTORAL position (one year, renewable) is available for a highly
motivated and talented young researcher with experience in the area of surface
science_and magnetism and/or _scanning probe microscopies. Experience on
molecular materials and/or cryogenics would be particularly appreciated. The
applicant will work in the stimulating ambience of the Laboratory of Molecular
Magnetic Materials ( ) on a new UHV
thermal deposition set-up equipped with a variable temperature Omicron VT-
STM/AFM and all main facilities for in-situ preparation and characterization. A low
temperature — 9T magnetic field AFM-MFM set-up is also available.
Please send your CV (with names of senior coworkers we could contact for
recommendation) or contact Prof. Roberta Sessoli for more
information.
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