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Molecular magnetism: from chemical design to

spin control in molecules, materials and devices

Molecular (nano)spintronics
Molecular spins in quantum technologies
Magnetic multifunctional materials (2D and 3D)
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Molecular magnetism: from chemical design to

spin control in molecules, materials and devices

A chemic.tuneable/size control A coordination chemistry
A ultimate size limit/quantum A organic chemistry

A low density/transparent A organometallic chemistry
A scalable via self-assembly A solid-state chemistry
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Molecular magnetism: from chemical design to

spin control in molecules, materials and devices

A chemic.tuneable/size control A coordination chemistry
A ultimate size limit/quantum A organic chemistry

A low density/transparent A organometallic chemistry
A scalable via self-assembly A solid-state chemistry
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AFrom paramagnets to single-molecule magnets (SMMs)

A
A

A

slow paramagnetic relaxation & the  difficult middle ground

3d-based polynuclear SMMs
guenching 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 ,-acetate
4f-based mononuclear SMMs

building molecules with large anisotropy barriers: designing crystal field
interactions

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

A Towards applications: SMMs at solid interfaces
A the difficult early years (-2008)
A turning a nightmare into a vision (2009  -)

A Summary



Slow paramagnetic relaxation
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The difficult middle ground

Much of physics lends itself to a convenient
division between big and small: the macroscopic
classical world and the microscopic world of the
quantum. Yet the transition between these spheres
of influence is far from clear-cut, and increasingly
we are seeing examples of phenomena that are
manifestly quantum mechanical encroaching into
territory once believed to be the exclusive purview

The molecular magnet Mn,,. Image courtesy of Jens Kortus,

of classical physics. Spin is no exception. o B vl Mo Bidenson.
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VOLUME 76, NUMBER 20 PHYSICAL REVIEW LETTERS 13May 1996  Macroscopic quantum

tunnelling of magnetization in a

Macroscopic Measurement of Resonant Magnetization Tunneling in High-Spin Molecules single crystal of nanomagnets
L. Thomas*, F. Lionti*, R. Ballou*, D. Gatteschif,
Jonathan R. Friedman and M. P. Sarachik R. Sessoli{ & B. Barbara®

- ins University of New York New L N Vo
Department of Physics, The Citv College of the Citv University of New York, New York, New York 10031  Laboratoire de Magnétisme Louis Néel, CNRS, BP 166, 38042 Grenoble,

Cedex 9, France

T Tej ada + Department of Chemistry University of Firenze, 50144, Italy
Facultat de Fisica, Universitat de Barcelona, 08028 Barcelona, Spain THE precise manner in which quantum-mechanical behaviour at
the microscopic level underlies classical behaviour at the macro-
R Ziol scopic level remains unclear, despite seventy years of theoretical
- 41010 investigation. Experimentally, the crossover between these
Wilson Center for Research and Technology, Xerox Corporation, Webster, New York 14580 regimes can be explored by looking for signatures of quantum-
(Received 1 November 199;) mechanical behaviour—such as tunnelling—in macroscopic

systems'. Magnetic systems (such as small grains, spin glasses

. . . . . - H '3 ! 12
We report the observation of steps at regular intervals of magnetic field in the hysteresis loop :“_a‘:l;i]:i':n?h;:) o z?;:r;::eg;::fki“stf:; ‘::f bebzlc:;:sl;

of a macroscopic sample of oriented Mn;,0,,(CH;COO)4(H,0), crystals. The magnetic relaxation monitored. But transitions between states can be induced by

rate increases substantially when the field is tuned to a step. We propose that these effects are thermal fluctuations, as well as by tunnelling, and definitive
identification of macroscopic tunnelling events in these complex

ma]_llfesrarlons of thet_mally assisted, ﬁeld-rur_led resonant tunneling between quantum spin states, _and systems is therefore difficult, Here we report the results of low-
attribute the observation of quantum-mechanical phenomena on a macroscopic scale to tunneling in a temperature experiments on a single crystal composed of super-
large (Avogadro’s) number of magnetically identical molecules. [S0031-9007(96)00131-7] paramagnetic manganese clusters (Mn,-ac), which clearly

demonstrate the existence of quantum-mechanical tunnelling of

. . the bulk magnetization. In an applied magnetic field, the magne-

PACS numbers: 75.60.Ej. 75.20.-g. 75.30.Gw. 75.50.Tt tization shows hysteresis loops with a distinct ‘staircase’ struc-
ture: the steps occur at values of the applied field where the

energies of different collective spin states of the manganese

il s coincide. At these special values of the field, relaxation

J R F rl e d m an et al from one spin state to another is enhanced above the thermally

. . "y activated rate by the action of r t quant hanical

tunnelling. These observations corroborate the results of similar

P hyS . Rev. Lett. 1996 , 76, 3830 experiments performed recently on a system of oriented crystal-

lites made from a powdered sample’.

L. Thomas et al.,
Nature 1996, 383, 145
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A quick glance at the Periodic Table

open-shell

1st series transition-metal 1ons:
2nd series transition-metal ions:
lanthanoid ions:

3rd series transition-metal ions:
actinoid ions:

[Ar]3d"
Krl4d"
Xelafn
[ Xel4fl45dn
Rn]5fn

1A VIIA
1A . . 8A
1 Periodic Table of the Elements 2
H 2 13 14 15 16 17 He
Hydrogen 1A A IVA VA VIA VIIA Helium
1.008 2A 3A 4A 5A 6A 7A 4.003
5 6 7 8 9 10
Li Be B C N O F Ne
Lithium Beryllium Boron Carbon Nitrogen Oxygen Fluorine Neon
6.941 9.012 Ar 3 d n 10.811 12,011 14.007 15.999 18.998 20.180
11 12 13 14 15 16 17 18
Na M g 3 4 5 10 11 12 Al Si P S Cl Ar
Sodium Magnesium [1]:3 IVB VB VIB VI 1B VIII IB B Aluminum Silicon Phosphorus Sulfur Chlorine Argon
22.990 24.305 4B 5B 6B 7B ¥ ¥ 1B 2B 26.982 28.086 30.974 32.066 35.453 39.948
19 20 22 23 24 25 26 28 29 30 3 32 33 34 35 36
K Ca|Sc Ti V Cr Mn Fe Co Ni Cu Zn|Ga Ge As Se Br Kr
Potassium Calcium Scandium Titanium Vanadium ‘Chromium Manganese Iron Cobalt Nickel Copper Zinc Gallium Germanium Arsenic Selenium Bromine Krypton
39.098 40.078 44.956 47.867 50.942 51.996 54.938 55.845 58.933 58{233 63.546 65.38 69.723 72631 74.922 78.97 79.904 84.798
37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54
Rb Sr Y Zr Nb Mo Tc Ru Rh Pd Ag Cd In Sn Sb Te | Xe
Rubidium Strontium Yttrium Zirconium Niobium Molybdenum  Technetium Ruthenium Rhodium Palladium Silver Cadmium Indium Tin Antimony Tellurium lodine Xenon
84.468 87.62 88.906 91.224 92.906 95.95 98.907 101.07 102.906 106.42 107.868 112.414 114818 118.711 121.760 127.6 126.904 131.294
55 6 57-71 72 73 74 75 76 77 78 79 80 81 82 83 84 85 86
Cs Ba Hf Ta W Re Os Ir Pt Au Hg TI Pb Bi Po At Rn
Cesium Barium Hafnium Tantalum Tungsten Rhenium Osmium Iridium Platinum Gold Mercury Thallium Lead Bismuth Polonium Astatine Radon
132.905 137.328 178.49 180.948 183.84 186.207 190.23 192217 195.085 196.967 200.592 204.383 207.2 208.980 [208.982] 209.987 222.018
87 88 89-103 104 105 106 107 108 109 110 111 112 113 114 115 116 117 118
Fr Ra Rf Db g Hs Mt Ds Rg Cn Uut FI Uup Lv Uus Uuo
Francium Radium Rutherfordium  Dubnium Seaborgium Buhrlum Hassium Meitnerium Darmstadtium Roentgenium = Copernicium Ununtrium Flerovium L Li 1 ium L
223.020 226.025 [261] [262] [266] [264] [269] [268] [269] [272] [277] unknown [289] unknown [298] unknuwn unknnwn
B 59 60 52 o3 t6 o7 ] 70
Lanthanid
anthanide Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb
Cerium 11 i F il il Ei i Terbium Dysprosium Holmium Erbium Thulium Ytterbium
L0 20505 el S0 e L S, ML 20 [ - M 1 - M ERER
89 90 91 92 93 94 95 96 97 98 99 100 101 102 103
Actinid
ciiie Ac Th Pa U Np Pu Am Cm Bk Cf Es Fm Md No Lr
Actinium Thorium Protactinium Uranium Neptunium Plutonium Americium Curium Berkelium Californium Einsteinium Fermium Mendelevium Nobelium Lawrencium
227.028 232.038 231.036 238.029 237.048 244.064 243.061 247.070 247.070 251.080 [254] 257.095 258.1 259.101 [262]

1-9)
1-9)
1-13)
1-9)
1-13)

] [xejafn
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Magnetic moment of 1st series
transition -metal ions

ion config. m(ng) ground LS g [S(S+1)]Y2
@300 K term 2S+1L spin-only model
Tid+, 4+ [Ar]3d 1 1.6-1.8 2D 1.73
V3 Crét  [Ar]3d2 2.7-2.9 3F 2.83
V2+ Cr3*, Mn#* [Ar]3d3 3.7-4.0 4F 3.87
Cr2*, Mn3*  [Ar]3d4 4.7-5.0 (3.2-3.3)2 5D 4.90 (2.83) 2
Mn2+ Fe3*  [Ar]3d® 5.9 (1.8-2.5)2 63 5.92 (1.73) 2
Fe?t, Co®*  [Ar]3d® 5.1-5.7 (0.0)?2 °D 4.90 (0.00) 2
Co?*, Ni¥*  [Ar]3d7 4.2-5.2 (1.8-2.0)2 U= 3.87 (1.73)2
Ni2* [Ar]3d 8 2.9-3.3b 3F 2.83
Ccu?* [Ar]3d 1.9-2.2 2D 1.73

2in low-spin complexes; ? can be as large as 3.7-4.0 in tetrahedral complexes
(modified from C. Kittel, Introduction to Solid State Physics, 7t edn, John Wiley & Sons, 1995)
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Magnetic moment of 1st series
transition -metal ions: spin -only model

m= - /7% g_ S L = total orbital angular momentum
h e S = total spin angular momentum
ﬂg m= "microscopic" magnetic moment

d. = 2.0023 electron g-factor

geS k = h/2p = reduced Planck constant
m=m =Ea.ls =Far/(s 1

= ngge\/S( S 4)
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Quenching of orbital angular

A free Mt ion with configuration [Ar]3 d*has a ground LS term
°D, which means a substantial orbital angular momentum

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

Now evaluate the expectation value of the z-component of

momentum

orbital angular momentum in t,j’e ' (G,) and e*t,* (T,) high-

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

y and z are equivalent directions).

1:2g3egl (Oh)
A
eg xz_yz 72 xz_yz 72
T
t2g Xy X yz Xy Xz yz
T | T |11

e4t,? (Ty)
|

Xy

i3

N

i3

Yz

N

1
]

14



A closer look at 3d orbitals (angular part)

e 2 e 2 )
X - =——( 2)) X (‘ 2 | 2)
e(g)\: \/7 ‘ 2» ‘ > €0l \/7
22 = \O> in O,, and T, coordination 22 = \0>
& 1 xz and yz orbitals are degenerate 5 1
~ =_ P -2 A = — 2 -2
%Xy -f(\ ) 1-2) R }XV iz(‘ ) [-2h
1 any linear combination of xzand :
tyg) 1 X2 = \/—(‘ | 41))- yz is also a solution 2(g)|‘+1>
% of Schrodinger's equation 7
vz = — (] 71 , T-1
ve= (| % | 9) -9
ty%e," (O) 5 e2t,? (T,)
f : \ : \
N crl 2 | it w [#0[-0] | [#O[FD] | w [#)]lD
T NEREE JE
tog| @ (FO]- D] | = |+D]-1 i e [x2] = 22| 2 at| 2
TR 1 T 1
|
(L)/Z=0 0 | 0 +1 -1
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Quenching of orbital angular momentum

A interaction with the crystal field reduces substiantially or
even completely quenches the orbital angular
momentum (if any) of the free ion

A quenching is complete within an orbitally nondegenerate
electronic term

A in O, and T, symmetries quenching is:
A complete within A and E electronic terms
A incomplete within T electronic terms
A group theory is of immense guidance!!! (see next slide)

16



When complications... help

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(H,O)]3* shows tetragonal compression:

- Jahn-Teller B
r il OIS

Xy Xz yz

°T,, (O ’B,, (D
zg( h) "y = I\/_(‘ £> ‘_2>_) 29( 4h)

L, transforms as 4; L, and Lytra_nsform as
By A PP B =Ry == (B,y|E[B,)=
BAEAB,=E == (BylE,[By)3

17



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

A spin-only model works well for ions with fully quenched
orbital angular momentum in the ground electronic term;

A 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);

A when 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
iInapplicable (will not be treated any further...).

18



Spin Hamiltonian formalism

OA spin Hamiltonian is an effective Hamiltonian that
reproduces the energy spectrum of the true Hamiltonian for
the states(s) of interest using only spin variableso (J.-R
Launay, M. Verdaguer)

oThe 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 experiments 6 (J. S Griffith )

J.-R 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 lons, Cambridge University Press Cambridge,
1961

19



Interaction with an applied magnetic field

In the most general formulation, the magnetic moment still

relates to spin, but the electron g, factor is replaced by a
g-matrix .

_ Yo Gy G
m= —£S © =HS.$ =g g g
B %y %
The reference frame can be chosen so that g is diagonal:
agxx O O 6
As.5 9% g 0 5="(50,50.5)
co 0 g, 2
A familiar expression is recovered when g,, =9,, =09,, = 0:
m= A(sgsgsh =Ly |m= @[S4

20



Interaction with an applied magnetic field

IS MP: 2S+ 1 spin wavefunctions, with - S¢ Mg ¢ Sin unitary steps

guantization axis

2, 03 2, - 18 2, - 28|

i% B Sl A

In the reference frame Xx,y,z that makes g-matrix diagonal, the Zeeman
Hamiltonian is:

k.= @ B0 %6 g © o, 9E g 5B+Eg S

Applying B (with B=|B|) along a =x, y or z and chosinga as quantization axis
gives:

: E.ce 2,+28
I-EZee - L ga g E [2,+10
2,08

_ — 2,-10
EZee_;gaa(’”NDB _n%gaal\éE B :2,-26

21



Pictorial view of g-factor anisotropy ( S=12)

>

Ezeel, " pegﬂ 11/2,1/28 Ezee
Zee n%gzz I n%gxxB
‘/2/892 = 1/2,-1/26
Bl z B | x Blly
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Pattern of zero -field levels:
the zero -field splitting ( ZFS)

When a system with S> % is surrounded by a non-spherical
coordination environment , spin-orbit interaction can partially
or totally lift the degeneracy of the 2St+1 spin substates even in
zero applied field; this implies preferential orientation of the
spin along certain directions Iin space

z

x = &
Ny

spherical non-spherical
environment environment

23



The leading energy terms are often proportional to 2 "9 powers
of spin components («second-order» terms) and are described

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

E..s=D,8 +D, EF +p FsEs.
&D, D Q@§x~ - /éﬂ

Xy

& ¢ §=p p po ks ([N,

@, D, D F

[-O0:

D, x* + DXy + D,,xz +... = L is the equation of
a general ellipsoid ; chosing the reference frame
along the three principal axes gives:

: y
=08 +p, & D E@IF (813 ( EF)
®=:p, E=(D B
axial ZFSparameter rhombic ZFSparameter

(zero in O, and T, symmetry)  (zero in axial symmetry
e.g. Dy, Dy, etc.)
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/ZFS and magnetic anisotropy
ErdM) =DM -3 6§SH] 4o

z

. 9
% Mg = R6/2 %
—p | Ms=0 E M zom)p é
MS:N]- . %
-D 0)] D
4|D| % 6[D| ) % Q
= - Ms = RB/2 g
= S
V]2 st %8 V228 - SR S
= S
High-spin Mn3* (S= 2) High-spin Fe3* (S= 5/2)
with D<O0 with D> 0
D § (for integer S

total splitting

D (§ = ]/4) (for half-integer 9



The electronic spin Hamiltonian for
a single metal center with quenched L

=25 gBO&D | mBO0SMT
i ID| =0.1-10 cm-?

1 1
Zeeman term ZFS term
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Magnetic interactions in materials

A through electrons in conduction band  of metals (affords
room-temperature ferromagnetism in Fe, Co and Ni)

Athrough space : dipolar interactions (weak: <1 cm®)

A through chemical bonds : (super)exchange interactions
often dominated by scalar coupling , as described by
Heisenberg-Dirac-Van Vleck (HDVV Hamiltonian

100 200 JOO 400

T (K 27



Point -dipolar interactions in|[ Cu(OAc),(H,0)],

(&

&

)\,

E=(L/r )g>1c>2- ; )

- 3(>, ®)(>2 ®)g

mimlr E=-2mmi

r=2.616 A, m=m=(1/2)g.m
m?=0.433 cm* A3

E=-2mmir3=-0.048 cm !l
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Superexchange interactions

3: + . _ o o J\ . .
Q0<+—» 0 §+8 Foy=JE & Lo sE3

S, =% S,=% S=0,1 2

£ =018S4) B S1r 5,5U] + (=513 /2

E, =J + cost

E,t O + cost
% S=1 —_— S=0
J>0 J<O0
AntiFerro-magnetic J |J| Ferr_o-magn_eUc
(AF) interaction (F) interaction
v
— S =0 =s-=1
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A weak covalent bond (Heitler -London)

Anatural magnetic orbitals: singly-occupied
) molecular orbitals ( a and b) for each fragment in
N its ground state (generally nonorthogonal)

B=R1) +R2) ¥r,
k= (a(1)b(2)[Yr,[a@)b(1)) 0 TLGa
S, = <a(1)\b(1)> overlap integral

resonance integral

b Fa(1)|A(L)[b(1)) (epposite cign tb &)

y@-2q 4 Sf

favors J <0 favors J >0

Aaccidental orthogonality (S, = 0) of natural
magnetic orbitals for Cu-O-Cu = 90Aleads to
ferromagnetic interaction;

A| S, | and antiferromagnetic contribution
increase with increasing Cu -O-Cu angle

30



Di-mhydroxo copper(ll) dimers

J (em™)
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Ferromagnetic interaction due to
strict orthogonality of magnetic orbitals

S=0 J=-118 cm-1 J =650 cm-1

Figure 8.20. Molecular structures of CuVO(fsa)sen-CH30H and Cuy(fsa),en-CH3OH with
Ha(fsa)sen = N,N'-(2-hydroxy-3-carboxybenzilidene)ethylenediamine (from ref. (8.34]).

32



Sy :<a(1)|b(1)> =)
J= 2k €&

S

a

J

, =(a(1)|b(1)) ,0
=2k 4Sp O
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The electronic spin Hamiltonian for
a single metal center with quenched L

€= BE g BOEp | MOSNT
A ID| =0.1-10cm-!

| |
Zeeman term ZFS term

The electronic spin Hamiltonian for  two
Interacting metal centers with quenched L

=269 § gpfs Ep sOSE 8 ENF

| | |
Zeeman terms ZFS terms Spin-spin

Interaction term
- n - u n ) _1
gl QJ, @ J5 §E S Esmaller anisotropic terms (10-1000cm-)
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Beyond pairs of spins
I-E—@a E @ BO a—lﬁ.E DI 95 @ S‘;E%smallerterms

AHDVV hamiltonian (third term) often provides the leading
contribution ; it commutes with 32 (total spin squared) and i,
(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 (Sremains a "good quantum number")

Athe Zeeman and ZFS terms act as perturbations within each
multiplet; a spin Hamiltonian can be assigned to each multiplet

_75. Q. BOSMN
Ags & Dsare the g-matrix and ZFS tensor for that specific multiplet

respectively and can be expressed as linear combinations of local
g's andD's
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The origin of anisotropy barrier in  3d-based

polynuclear SMMs
A
superexch. SO & CF
S interact. +
Q dipolar
L
102-103 cm?®  10%-10%2cm‘t
ground
spin state, S
Mg = -S...+S
Mg=°S
single-ion total spin ZFS
spin states  states states




Building molecules with large anisotropy barriers

(classical approach)

<

easy-axis unit with spin S F coupling AF coupling
E..i.(Q = Ksin?g (K> 0) high spin S= 3§ low spin S=9§
D e S P
X R A X PARSSIEN . et
S N
P ] o 0§ 4] o

4 0- .
0 30 60 90 120 150 180 0 30 60 90 120 150 180 0 30 60 90 120 150 180
0(°) 0(°) o(°)
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Building molecules with large easy-axis anisotropy
(classical approach)

easy-axis anisotropy no anisotropy easy-plane anisotropy
e — T . T

0 30 60 90 120 150 180 00 30 60 90 120 150 180

0 30 60 90 120 150 180
0(°) (") ’

(%)
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1991: Mn ,,dacetate , the «vinegar » magnet

tetragonal space group |4

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



1991: Mn ,,dacetate , the «vinegar » magnet

Mn'(OAc),@H,0 + KMnV'O,

60% v/v
AcOHH,O

[Mn;,0,,(0OAC),5(H,0),]
-:2AcOH-4H,0 (80%)
(8Mn3* + 4Mn**)

A X » -2AcOH-4H,0
X
@ M+ (S=32) OO

Mn,,-acetate Omrr(g=2  ocC

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



The Drosophila of single -molecule magnets

TUTORIAL REVIEW www.rsc.org/csr | Chemical Society Reviews

The Drosophila of single-molecule magnetism:
[Mn202(02CR);6(H20)4]

Rashmi Bagai and George Christou®

Received 14th July 2008
First published as an Advance Article on the web 23rd February 2009
DOI: 10.1039/b811963e

Single-molecule magnets (SMMs) are individual molecules that can function as nanoscale
magnetic particles. The [Mn;»,O5(O,CR)16(H>O)4] (Mn5: R = Me, Et. erc.) family of SMMs was
the first one discovered; it is also the one whose study has provided the majority of current
knowledge on this interesting magnetic phenomenon, prompting its description here as the
Drosophila of the field. This rutorial review will survey the various chemical studies that have been
carried out to date on this family. This will include a discussion of methods that have been
developed for their structural and redox transformation, and the effect of the latter on the

magnetic and SMM properties.

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



1991: Mn ,,dacetate , the «vinegar » magnet

S=82- 433/2 =10 (giant spin)
@ Mn*(§=32) OO o H m@20 m, (giant magnetic moment)
O Mn3* (§ =2) ocC large anisotropy (D;, =-0.47 cm-1)
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1991: Mn ,,dacetate , the «vinegar » magnet

4 E,.(+10) =-29.8 cm-1
_ _ zrs( ) = .0 CM
Ezrs =Ms=0 =
’,
.
1,7
I///
" . Mz = N5
/// 2 S
/”/
—f:——— MS:N6 -
\\ 1
10 \“\\\\\ g
W ——Ms=R7 |~
w <
w
W 1
v \\ (9]
'\ Mg=N8 |L
v\ DU)
v —_
v\
v\
\ —Mg =9
\
\
\ S=832 - 433/2 =10 (giant spin)
\ .
— M = N10X-

m@20 my (giant magnetic moment)
large anisotropy (D;, =-0.47 cm-1)
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Anisotropy barrier in Mn,,-acetate

S =

10

--Y_




