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Introduction to Magnetism

1) Introduction and definitions

: m@ 2) The Diamagnetism
3) The Paramagnetism
4) Magnetic phase transitions and magnetic orders
5) Molecular magnetism
6) Superparamagnetism and Single-Molecule Magnets
7) Single-Chain Magnets
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6) Superparamagnetism and SMMs

Single domain magnetic nanoparticles (with uniaxial
anisotropy): classical case of uniform rotation

E(0)

Magnetic Material
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6) Superparamagnetism and SMMs

Single domain magnetic nanoparticles (with uniaxial
anisotropy): classical case of uniform rotation

Magnetization Relaxation
(monodispersed nanoparticles)

B

A KN
Temperature effect: T(7)= T ex
ey P ( ) o P[k

J activated relaxation
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6) Superparamagnetism and SMMs

Single domain magnetic nanoparticles (with uniaxial
anisotropy): classical case of uniform rotation

K %
MoNy
m £ Texp < T(T)
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H
Texp = T(T)
-40 -20 0 20 “

sy Temperature effect: T(T)= Toexp[f—]\;j activated relaxation

B

luwy bistability, hysteresis when Tex, < T(T)
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6) Superparamagnetism and SMMs

Information storage... Hard Disk Drives (HDD)...

Conventional

Muitigrain Media
10 cm

\200 nm

=]

magnesc
ransition bitce

1 bit = a few
grains

(8 i o "IBM Hard Drive
' (35 Gblin%; CoPtCrB)
10 years of storage
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=500 millions of
6) Superparamagnetism and SMMs | HbDsoldevery
year since 2009
- - 1 Zettabytes / year
o _Hard Disk Drives: —
141’38«?‘?0”“

750GB Server 10K RPM
2000 GB Desktop 7200 RPM

10K-15K RPM_
A &>

1000
0 178
[}
& o
o !
2
100
=3 470 Millions of HDD
— 7 2'0‘07 4 sold in 2015
e humanity during : Al 268 0.5 Zettabytes (1012 Gb!
0.2 Zb data stored %E : e | )
. 0
(2.4 Zb in total)
2 Zb communicated z (o
6.4 108 instructions/s 4GB
2011: 1.2 Zb data generated <™ HDD CapacityRoadmap
2016: 16.1 Zb data generated |1 - | R EE R
2025: 163 Zb data generated 2000 02 04 06 08 2010 12 14
. 1 Availability Year

M. Hilbert, P. Lopez, Science, (201
J. Mervis, Science, (2012), 336, 22

1), 332, 60
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6) Superparamagnetism and SMMs

Hard Disk Drives:
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1956: IBM RAMAC (1st HDD)
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6) Superparamagnetism and SMMs

L SRS
10 F Molecular storage (100 Th/inZ- 16000 Gb/cm?)

102 F Patterned limit (10 Tb/in2 - 1600 Gblcm?)
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Source: E. Grochowski — IBM (2011)
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6) Superparamagnetism and SMMs

The main motivation in this field of research:

SMMs might be used as elementary units in hlgh densny
memory devices 2

(o g SMMs: monodispersed nano-objects
‘ @ <2+0nm

Complexes with
a few magnetic
centers

- Superparamagnetic properties (similar to nanoparticles)

- Quantum properties: well defined quantum states

| M. N. Leuenberger, D. Loss, Nature, (2001), 410,789 |
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6) Superparamagnetism and SMMs

A SMM in the macrospin approximation:

The simplest case of an S Spin projection: ms
high spin with a strong -10-8 6420 2 46 810
uni-axial anisotropy i i i T
H=DS> with D<0 c c
-4 4
E(mg)=—|Dlm?
( s) ‘ ‘ s 4 5 * Es
s | Es Ap = |IDIS? N=A
2 I
O | E-- ~-E7
G 7’ Thermally
Eod actlvatgd LE,
relaxation
Eqr (“Orbach”) £,
E.1o 1 ¢E10
E(ms) S=10
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6) Superparamagnetism and SMMs
A crystal of isolated SMMs (S, D):
T%0
M=0 Magnetization Relaxation
1’1 0" %L | T Pom g
o P'-,‘ ;
oyt s — €X
7/ SARENE ;- 2
=
S l]
02} 4
veo | DRDDDD
A, ID|s?
[ Temperature effect: |T (T) = Tyexp| —2 |= T,exp « Orbach »
k,T k,T
_; bistability, hysteresis when texp < T(T) (blocking temperature, Tg)
_; Enhancement of Tgif S or Dincrease
Introduction to Magnetism... by R. Clérac Bangalore, India 2018 -76 -

30/11/2018



6) Superparamagnetism and SMMs

Determination of the relaxation time: an example...
(NEts)[Mn",(salmen),(MeOH).Fe'"(CN)e]

salmen?: rac-N,N-(1-methylethylene)bis(salicylideneiminate)

&, P hes . J
NN i
O N~ ©C Swa <

MeOH—MA— N:C',Fe_'C:Ni—IMn\—NOMe
o W X N o

Y S=9/2

D/ks =-1.25 K
Direct measurements in time (dc)
1 T T - r 04 ‘
T i
o8F ] 03 0.85 K\ =
2] 0_9;( 08K 05 - 0.04K |
§ 061 1/e 1 E’“ 02 : 095K MSKD]KMSK ]
0.4 ] E 1K, 06K
RN ; \‘05 ) No.ss K‘
ozf i m ] L \
o : o D !
H 0.1 200 1 400 100 1800 1000
Time tUe
M. Ferbinteanu, H. Miyasaka, W. Wernsdorfer, K. Nakata, K. Sugiura, M.
Yamashita, C. Coulon and R. Clérac, J. Am. Chem. Soc. 2005, 127, 3090
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6) Superparamagnetism and SMMs
Determination of the relaxation time: an example...
(NEt;)[Mn";(salmen),(MeOH).Fe'"(CN)s]
,?.Id,;‘;f, ’ Relaxation time (7 ) deduced from ’
the direct measurements in time j;
103 - - : T §=9/2
102 ~ D/kg =-1.25 K
P . '
10 ot 1
(%] 100 :
~ 3 K 1
R ) .
100 | : .
102 f i
103 |- 1
104 1 1 1 1
0 1 2 3 4 5
T1 /K1
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6) Superparamagnetism and SMMs

5

Determination of the relaxation time: an example...

(NEts)[Mn",(salmen)»(MeOH),Fe"(CN)q]

R. Boca, Theoretical Foundations of $=9/2
Molecular Magnetism, Elsevier Ed., p.107. D/kB =-1.25 K

i o
:

<

>
.
A
-

Measurements in frequency (ac)

< T
Fixedv i ﬂ

Ts

Fixed T T(M)=(@TVY!

X" susceptibility
X" susceptibility

4

Frequency (Hz) =—————-

Temperature (K) =—— 05(;?||Ia‘;ing
e
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6) Superparamagnetism and SMMs

Determination of the relaxation time: an example...
(NEts)[Mn",(salmen),(MeOH).Fe'"(CN)e]

k.
2

"X
A oo

%
k{\ )

S$=9/2
D/ks =-1.25 K
Measurements in frequency (ac)
25 . 14 o
= 25K v sl S L ]
g (el OO o [P, i || Hie=30e
- 2 E '-':‘é 3 A:'. ..'.. - 0 l: 3
,%. 1 K cE> .;g o I
} <&
:§ R § §o.
DN -1
=>< < R 32 AR ;:.'.
Flrequency1ﬂ-|z) ,.H,L>°°° Il'gmpzeratzusre (ﬁf 35 4 4,i
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6) Superparamagnetism and SMMs

Determination of the relaxation time: an example...
(NEts)[Mn",(salmen),(MeOH).Fe'"(CN)e]

Relaxation time (7 ) deduced from

¢ .‘:‘"["%‘ the dc and ac measurements _ J
,'f.d' 3 103 1 . : ] f :
102 A Tomi=455 s \
101 ] N ant } $=9/2
3 C 1 D/ks =-1.25 K
L 100F s Tamm 4
o0t s 4
102 E : .
103 .
ros .
104 I 1 1 1 1
1 2 3 4 5
T71 /K1
‘_‘V T = Tqrm because Torpach > Tatm below Torm
._,; A second mode of relaxation: Quantum Tunneling
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6) Superparamagnetism and SMMs
A second mode of relaxation: case for kg T << | E1o-Eql
To have quantum tunneling, Spin projection: ms
73 the symmetry of the -10-8 -6 420 2 4 6 810
W re KRS anisotropy must be lower i Pl Sy }
[y than uni-axial: Y\
- H=DS?+E(5-57) E+ =
Z Es Es
=+ mg states
E ¢ S
%‘) ® becomes &
‘g, E- quantically mixed Lk,
w
E.s- L t Eg
Quantum
y = tunneling ~Es
TQTm f
E.ofe > Eio
! v
E(ms) S=10
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6) Superparamagnetism and SMMs

Determination of the relaxation time: an example...
(NEts)[Mn",(salmen),(MeOH).Fe'"(CN)e]

Relaxation time (7 ) deduced from
the dc and ac measurements

X

S$=9/2
D/ks =-1.25 K
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6) Superparamagnetism and SMMs
Determination of the relaxation time: an example...
(NEts)[Mn",(salmen),(MeOH).Fe'"(CN)e]
a1 %L Relaxation time (7 ) deduced from
o= the dc and ac measurements _ ,;(
;w. *
4G4 101 ba
S=9/2
102 | i D/ks =-1.25 K
Ng szthus:
e =
T0n rko= 14K IDIS?/ks = 25 K
104 1 1 1
04 05 06 07 08 09 1
by Dett < An /K1
5 A intermediate mode of relaxation that is called “Thermally
assisted quantum tunneling of the magnetization”
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To have quantum tunneling, Spin projection: ms
the symmetry of the -10-8 -6 4202 4 6 810
anisotropy must be lower i ;i i i
than uni-axial: e N
H=DS? +E(S2-52) B« Es
Es y Es
S Es Agt < Ap e
o |- 1 L
G Es Thermally &
EH activated =
quantum
Eo- tunneling LE,
E.o 1 iEw
E(ms) S=10
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6) Superparamagnetism and SMMs

An intermediate mode of relaxation: T> Tqtm

6) Superparamagnetism and SMMs

Determination of the relaxation time: an example...
(NEts)[Mn",(salmen),(MeOH).Fe'"(CN)e]

R S
.,';,,;,’.; : Relaxation time (7) deduced from J
yﬁ.’o the dc and ac measurements ' S
A4 ,
103 T T T T f L
102 L 5 Torm= 455 s . S=9/2
D/kg =-1.25K
101 = -4
» 1000 Tamm
. B
) 10', = 1
102 | Aeti/ks =14 K <
10'3 = -}
104 0 2| :; ‘; 5 M. Ferbinteanu, H. Miyasaka, W.
Wernsdorfer, K. Nakata, K. Sugiura, M.
=7 -1 Yamashita, C. Coulon and R. Clérac,
T1/K J. Am. Chem. Soc. 2005, 127, 3090
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6) Superparamagnetism and SMMs

Beyond QTM and “Orbach” relaxation processes:

T = TQTM + TOrbach + lerect + TRaman"'

Spin-lattice relaxation in rare-carth salts
By R. Onsacnty
Charendon Lakivstory, Dsdoarsiiy i Oued

(Communicated by B, Bleaney, ¥ RS, — Received 16 Narch 1981 —
Revised 26 May 1061)

I, INTRODOCTION
The first theoretioal treatment of spin-lattioe relaxation in solids was given by
Waller {1932). Ho coamidered In detail modelation of the internal dipolar fields by
Iattice vibrations, but found very bong relaxation times at low tesnperatures which
did not agree with subsequent experiments of Gorter (1936). It remained for Heitler

6) Superparamagnetism and SMMs

Beyond QTM and “Orbach” relaxation processes:

T = TQTM + TOrbach + lerect + TRaman"'

Yor twophonon peocesss, the additionn] distinctaon of whether the Debye erwegy (K 0s)
Joee than o growter tham 11 crystaline feld spbiting O detwrs the grieinsd state and the few
wncitod state mrost b made. Nom Kawimes salts towhioh the firmer conslition apyldy (Kfp < 4)
are Shown 10 possses twe-phonon relaxation prooessss of the wssal Haman type. The relaxa.
thon Lime s propoctionsd 10 T aod & inddependent of magoetic febd, When K& > A, there s
prosentt ba addition & tern ariing from » 00 Proess, analopoes 10 the resiaancs
m‘nth’—. Fhovoss of energy ~ A are absorbed and emitted by the spin
wystom profocontinily b of & ph r with the erystalline Seld splitting of
ther spin stalon Mmlb‘lrh-ubh-m.l.thuhod-banhw-nuu'm.
poctional 1o eap|A/KT). This peocess will 4 o the KK t at very high
nndd borw Semperslures lt.MbbWM‘hb!&HHﬂm’
My comnpuatiom with the relasation rate die 10 direet prosvmes.

Krasmars salte, whea Koy < 4, owlng 20 & cancellation & the mate squation, sxhidbit &
Naan relaxation time proportionsd to T and independent of Seld. This 'Van Yieek csa-
collatscon’ is shown 8o Lo & conseguence of titse roversel symmetey. When Kfg > A, the

1 nakso g A, he pelanation tivom again baing progoetional e eag (3 KT
The rssnance pocoss i now shown 10 be dominant dewn to 1 or 27K for maay e enrth
salts

30/11/2018
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6) Superparamagnetism and SMMs

Beyond QTM and “Orbach” relaxation processes:

-1 _ -1 -1 -1 -1
T - TQTM + Torbach + Tdirect + TRaman+
maal ba Favear e vous 27, sovemenn u\‘+|| 1944 —}- ™
A clarification

196611 | MISE AU POINT |

LA RELAXATION DE3 SPINS ELECTEONIQUES AVEC LE RESEAU
(Théorie bnestaive of mitbodes do mesere du temps T))

Par Jacouns PESCIA,
Labcratoins & Physique du Selide Faculté dex Sciences de Toukouse (%),

Risemb. . Duns wne premiire partie, oo dAlait b phénombas de rellaxation, pus on précive
les notioms de tempirature de spinn of de risean. O décrt ensuite bes priscipasx processus de
velanation et Fen explieite b cabeul dos Tomps 7,

Dara une seconde partie, apets aveir indiqué ey codees de graadeour des Temps de relaxation
& mawerer, ot Torlgion Ges procidin de mawars, o0 pass en revis bes tockalgues actuelie, Pose
chaque méthode de mesure, on rappelie bo principe sar lequel eat fondée celle mesure, puis oo
dhorit VappaseiBage utilisd pour sa rialisation ot Fon disoute boe performances abtenues.

AMInet. — In the fowt part, the relaxation pb Y bed and the q of
the existence of spin temperature is discumsed.  Caleulation of spin-battice relaxation tirms is
explained for the diffecens processes

In the sovimd part, we [t the varous messurement tachaiques,  Por cach method, the
basie princple i brought sot, and o description of the apparaius is presented.
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6) Superparamagnetism and SMMs

Beyond QTM and “Orbach” relaxation processes:

-1 _ -1 -1 -1 -1
T~ =Totm t Torbach + Tairect T TRaman™ ---

v i %" Always a competition between these relaxation processes
LAY 43 Don’t forget that only one relaxation time is measured !!!
Relaxation rate (T_l ) Relaxation time (7)
B, . Temperature independent

-1 _ w
Torm = 1+ BZHZ Increases in H?
. Thermally activated

-1 — -1 ___4a
Torbach = To exp( ) C AEEE e A

Spins Phonons
1
J. Pescia J. Phys. 1966, 27, 782. | ""”: - ::; o8
- T !
|
(1'% > &,
Introduction to Magnetism... by R. Clérac Bangalore, India 2018 -90 -
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6) Superparamagnetism and SMMs

Beyond QTM and “Orbach” relaxation processes:

-1 _ -1 -1 -1 -1
T - TQTM + Torbach + Tdirect +7 aman+
Relaxation rate (t‘1 ) Relaxation time (7)

Linear in temperature

_1 _ m R - - _
Tpirect = AH™T sy Decreasesin H™(m=2non
Kramers or m = 4 for Kramers)

Spins Phonons

[

[
J. Pescia J. Phys. 1966, 27, 782. | ~ 8

Introduction to Magnetism... by R. Clérac Bangalore, India 2018
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6) Superparamagnetism and SMMs

Beyond QTM and “Orbach” relaxation processes:

1 -1 -1 -1
T ~ =Totm T Torbach + Tdirect T TRaman

Relaxation rate (r‘1 ) Relaxation time (7)
2
51 — 1+G H T A power law in T (n = 2-9)
(e 1+ C2H2 ¥ Increases or decreases in H?
J. H. van Vleck, Phys. Rev. 1940, 57, 426. I .
Spins Phonons
I=miss ] TARs*
-Nq... ...". .,

J. Pescia J. Phys. 1966, 27, 782. |
L

Introduction to Magnetism... by R. Clérac Bangalore, India 2018
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6) Superparamagnetism and SMMs

Beyond QTM and “Orbach” relaxation processes:

-1 _ -1 -1 -1 -1
% T - TQTM + Torbach + Tdirect +7T aman+
:tf?,' ‘ A total of 10 parameters if all the relaxations are effective!!!!
Relaxation rate (1) Relaxation time (7)
B, . Temperature independent

-1 _
Totm = 1+ B2H2 Increases in H?

A i
-1 1 _Pa . Thermally activated
Torbach = To €XP ( kBT) ¥ dc-field independent (low fields)

Linear in temperature

TBilrect = AH™T sy Decreasesin H™(m=2non-
Kramers or m = 4 for Kramers)
i 1+C, H? —— A power law in T (n = 2-9)
TRaman = 2 ¥ Increases or decreases in H2
14C, H
Introduction to Magnetism... by R. Clérac Bangalore, India 2018 - 93 -

6) Superparamagnetism and SMMs

Beyond QTM and “Orbach” relaxation processes:

-1 _ -1 -1 -1 -1
T~ =Totm t Torbach + Tairect T TRaman™ ---
’..&q..-‘ 28 A total of 10 parameters if all the relaxations are effective!!!!
’.«d, o P
Relaxation rate (1) Relaxation time (7)

By

e Temperature independent
QTM ™ 1 4+ B, H?2

Increases in H?2

A
q
A q
-1 _ =il _ba \  Thermally activated
Torbach = To exp( kBT) “¥ dc-field independent (low fields)
Linear in temperature
_1 R . -
Tpirect = AH™T sy Decreasesin H™(m =2 non-
Kramers or m = 4 for Kramers)
A
.

L 1+C, H? n A power law in T (n = 2-9)
TRaman = 1+ Cz H2 T Increases or decreases in H?2
Introduction to Magnetism... by R. Clérac Bangalore, India 2018 -94 -
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6) Superparamagnetism and SMMs

My (not THE) method to fit the relaxation time :

Jeremy Smith (Indiana
.’1 # University, USA) 2018,
1F4 Submitted
[« E; ‘E" %

A ferrocenium
complex

A spin 2 system

€]

[B(3,5-(CF3)2CeH2)al”

[Cp*,Fe]BArF

The slow relaxation of the magnetization is not observed in zero dc field
but it is revealed under applied magnetic field.

Introduction to Magnetism... by R. Clérac
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6) Superparamagnetism and SMMs

My (not THE) method to fit the relaxation time :

Jeremy Smith (Indiana
— University, USA) 2018,
10 Submitted
W

A ferrocenium
complex

A spin 2 system

®

[B(3,5-(CF3)2CeHa)al”

[Cp*,Fe]BAIF

The slow relaxation of the magnetization is temperature dependent

Introduction to Magnetism... by R. Clérac

Bangalore, India 2018 - 96 -
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A ferrocenium
complex

A spin 2 system

=

BN

[B(3,5-(CF3),CeHo)al

€]

[Cp*,Fe]BArF

6) Superparamagnetism and SMMs

My (not THE) method to fit the relaxation time :

T/s

103

104 L

10%

Hy, = 1500 Oe

7o = 5.7(5)1077s
A,z/kp = 17.6(5)K

0.1

0.2

03 04 05 06
T1 /K1

+ Spin 2 SMM !! Question: “Orbach” and QTM mechanisms?

+ To answer: both field and temperature dependences of the experimental
relaxation time are absolutely necessary !!

Introduction to Magnetism... by R. Clérac Bangalore, India 2018 - 97 -
6) Superparamagnetism and SMMs
My (not THE) method to fit the relaxation time :
% : A ferrocenium - 015T
a= complex R0 2K
. 610"
A spin 2 system i
510%F o °
® D 410 .
P .
@/ ® 3104 .
Fe >
@ 210+
L]
110% % .
[B(3,5-(CF3),CeH2)qI 0 . ? )
0 0.5 1 15
[Cp*,Fe]BArF HIT
Introduction to Magnetism... by R. Clérac Bangalore, India 2018 - 98 -
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6) Superparamagnetism and SMMs

My (not THE) method to fit the relaxation time :

-1 _ -1 -1 -1 -1
T - TQTM + Torbach + Tdirect + TRaman+
Relaxation rate (1) Relaxation time (7)
B, . Temperature independent

Increases in H?

Tohy = ——
QTM ™ 1 4+ B,H?2

A i
-1 1 _ A . Thermally activated
Torbach = To €XP ( kBT) ¥ dc-field independent (low fields)

Linear in temperature

TBilrect = AH™T sy Decreasesin H™(m=2non-
Kramers or m = 4 for Kramers)
. 1+C; H? | . Apowerlawin T(n=2-9)
TRaman = 2 ¥ Increases or decreases in H2
1+C, H
Introduction to Magnetism... by R. Clérac Bangalore, India 2018 - 99 -

6) Superparamagnetism and SMMs
My (not THE) method to fit the relaxation time :

. 7104 015T
b », .%L 6104 F
M,.:I::' 5 A ferrocenium 5104 |
A compl 2
plex L a0t
A spin 2 system ® 3404
210+
[©]
Fle 0 1 I
@ 0 05 1 15
HIT
B(3,5-(CF3),CeHa)al” -1 _ -1 -1
(800 SCFCe T~ = Tgirect T TRaman
[Cp*,Fe]BArF 2
1+C, H
T = AH*T + C ———=T™"
1+C, H
with A=2.0 10* K'T#s"!, C; =280 T2, C, =8.1 10° T2and 2"C= 3.8 106 s
Introduction to Magnetism... by R. Clérac Bangalore, India 2018 -100 -
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6) Superparamagnetism and SMMs

My (not THE) method to fit the relaxation time :

|
810% Jeremy Smith (Indiana
University, USA) 2018,
7104 Submitted
T X0 . 6104 - ]
) vog - il A ferrocenium 4
A< » 510%E
complex L ig0d
. e
A spin 2 system 3104
2104 £
€]
Fle 0 : .
- .
Q T/K
[B(3,5-(CF3)2CgH2)al" 1 4 1 +C1 HZ n
[Cp*FelBAIF T =AH*T +C —ZT
1+C, H

With only n = 3.8 (optical and acoustic phonons? n =9 for Kramer systems)
Fixing A=2.0 10*K'T*s™, C; =280 T2, C,=8.1 10° T2and 2"C=3.8 10° s™'
K. N. Shriyasta, Phys. Stat. Sol. (b) 1983, 117, 437; A. Singh, K. N. Shriyasta, Phys. Stat. Sol. (b) 1979, 95, 273. |
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6) Superparamagnetism and SMMs

Beyond QTM and Orbach relaxation processes:

-1 -1

— +—1 -1 -1
T~ = Torpach T Totm T Tdirect T TRaman

,'*;.4.;‘;7. ’ Take home messages:

. All the paramagnetic molecules exhibit slow dynamics
WY of the magnetization!! Known at least since 1932!

sy Inthat sense all the paramagnetic molecules are
potentially SMMs!!!
So what is a SMMs?

. RC: A paramagnetic molecule for which your experiment
k=sy is able to observe the slow dynamics of the magnetization
(M vs time, ac susceptibility, EPR, NMR, Mossbauer, ...)
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* magnetic anisotropy

» Mixed spins: 3d/radicals
Synthesis methods:

+ by design (only a few...)

Introduction to Magnetism... by R. Clérac

To promote the “Orbach” process:
+ high spin/ magnetic moment

Transition metals organized by ligands:
« 3d: Mn(ll1), Fe(ll1), Ni(ll), Co(ll), V(I1)
+ Lanthanides: Tb(lll), Dy(lll), Ho(lIl)
» Mixed metals 3d/3d or 4f/4f or 3d/4f

+ serendipitous! Most of the time...

6) Superparamagnetism and SMMs

The ingredients in order to obtain a SMM:
* just need a paramagnetic molecule!
* the right experimental setup!!

h; There are thousands of SMM examples in the literature

Bangalore, India 2018 -103 -

The most famous example!
[Mn12012(02CR)16(H20)a4]
D/ks = -0.66 K

Aei/ke = 61 K

S
(4]
T
N
s N
S ———
\
|
I
2R

6) Superparamagnetism and SMMs

Mn(IV) S =3/2

0
H/T

Ballou, R.; Gatteschi, D.; Sessoli, R.; Barbara, B. Nature 1996, 383, 145.

(a) Boyd, P. D. W;; Li, Q; Vincent, J. B.; Folting, K.; Chang, H.-R.; Streib, W. E.; Huffman, J. C.; Christou, G.; Hendrickson, D. N.
J. Am. Chem. Soc. 1988, 110, 8537; (b) Caneschi, A.; Gatteschi, D.; Sessoli, R. J. Am. Chem. Soc. 1991, 113, 5873; (c) Sessoli,
R; Tsai, H--L.; Schake, A. R;; Wang, S.; Vincent, J. B.; Folting, K.; Gatteschi, D.; Christou, G.; Hendrickson, D. N. J. Am. Chem.
Soc. 1993, 115, 1804; (d) Gatteschi, D. ; Caneschi, A.; Pardi, L.; Sessoli, R. Science 1994, 265, 1054; Thomas, L.; Lionti, F.,
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6) Superparamagnetism and SMMs
Another Mn-based SMMs: Mn(ll)

[Mn,(hmp)¢(H,0),(NO;),](NO3),°2.5H,0 1 S=5/2

Hhmp: 2-hydroxymethylpyridine @—\ .
=N OH

Mn(ll)
S=2

D/ks =-0.35 K &/\
Anks=28.4K |

. .

Aeii/ks = 20.9 K

L. Lecren, W. Wernsdorfer, Y.-G. Li, O. Roubeau, H. Miyasaka, R. ° s 10 15 20 b 30
Clérac J. Am. Chem. Soc. 2005, 127, 11311 (K"
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6) Superparamagnetism and SMMs
[Mn,(hmp)g(H,0),(NO5),](NO;),-2.5H,0

- s
0 H,="" n=123.  ms=-o
I 8ty [~
o %z o4 06 o8 1
H(T)

_‘V’ Resonnant quantum tunneling of the magnetization: D/kg = -0.35 K
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Introduction to Magnetism

g:g%‘# 1) Introduction and definitions

i’i 0"
2) The Diamagnetism
& «
3) The Paramagnetism
4) Magnetic phase transitions and magnetic orders

5) Molecular magnetism

6) Superparamagnetism and Single-Molecule Magnets

7) Single-Chain Magnets
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7) Single-Chain Magnets

A real system made by design: a SMM building-block
[Mn"(salen)-Fe"(CN)s-Mn'(salen)] trinuclear
complexes: N

-~ )
X
ﬁ}‘.ﬂf

[+ KIMn,(5-Brsalen),(H,0),Fe(CN)4]*2H,0 [1,4]

AT KIMn,(5-Clsalen),(H,0),Fe(CN)g]-2H,0 [1] :
(NEts)[Mn,(5-Clsalen),(H,0),Fe(CN)]H,0 [2] f

(NEts)[Mn,(salmen),(MeOH),Fe(CN)] [3,5]

S oo %
: H: salen salmen S$=9/2

\

r: 5-Brsalen

Cl: 5-Clsalen D/kB = '1.25 K

[1] H. Miyasaka, N. Matsumoto, H. Okawa, N. Re, E. Gallo, C. Floriani J. Am. Chem. Soc. 1996, 118, 981
[2] H. Miyasaka, N. Matsumoto, N. Re, E. Gallo, C. Floriani /norg. Chem. 1997, 36, 670

[3] H. Miyasaka, H. leda, N. Matsumoto, N. Re, E. Crescenzi, C. Floriani Inorg. Chem. 1998, 37, 255

[4] H. J. Choi, J. J. Sokol, J. R. Long Inorg. Chem. 2004, 43, 1606

[5] M. Ferbinteanu, H. Miyasaka, W. Wernsdorfer, K. Nakata, K. Sugiura, M. Yamashita, C. Coulon, R.
Clérac, J. Am. Chem. Soc. 2005, 127, 3090
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7) Single'Chain Magnets M. Ferbinteanu, H. Miyasaka, W.

Wemsdorfer, K. Nakata, K. Sugiura,
M. Yamashita, C. Coulon, R. Clérac,

The structural arrangement: J. Am. Chem. Soc. 2005, 127, 3090
(NEts)2[Mn(5-MeOsalen)]2[Fe(CN)e]
‘Challdirecti n

B

Isolated chains from a
magnetic point of view
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7) Single-Chain Magnets

The high temperature magnetic susceptibility:
(NEts)2[Mn(5-MeOsalen)]2[Fe(CN)s]

5 1 1 1 1
WwL oo A v\ A W \ oA \
m v \ \ MWL ¢ WD \
s iy A N oWy N
2yt - - -
G B S R R
\ JF T JF y w W “ v J 4
v ) v A\ v 3 v
\ ‘: ' 3 ) )
) - o = =
= With H =27 (SpSun + SreoSun)
= An Heisenberg trimer model
2 16 with inter-trimer J’interactions
= 14 treated in a mean field
g | approximation
- 2 PP
~
= 10
1000 Oe Jr/ks = +6.5(1) K
6] i5 50 J7ks = +0.08(1) K

T/K g=2.03(2)
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7) Single-Chain Magnets

A physicist view: Je/ksg = +6.5(1) K
(NEts)o[Mn(5-MeOsalen)l.[Fe(CN)e] ) _ +0.07(1) K

JMn-Mn/kB = +0.40(6) K

« St=9/2» because |Jk | >> Jyn-mn and
= for lUrl >> ks T

sy Chain of ferromagnetically coupled anisotropic S = 9/2 spins

Introduction to Magnetism... by R. Clérac Bangalore, India 2018 - 111 -

7) Single-Chain Magnets

Single crystal measurements: Hin the hard plane
(NEts)2[Mn(5-MeOsalen)]2[Fe(CN)e]

T T T T H= _2‘1,2 S;T,iS;T,iH + nglz',iz

)
L.l 15K ! ) )
T ! | Estimation of D
(] 1
S o6 : 7 2DS; = gy, S, H,
0.4 : -
63T L
0.2 - v
0 ! ! I I D/kg=-0.94 K
0 2 4 6 8 10
H/T
<~ Dlks=-1.25K
he)
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7) Single-Chain Magnets

Single crystal measurements: H along the easy axis
(NEts)2[Mn(5-MeOsalen)]2[Fe(CN)g]
e S

" 007 Tis ‘7"" '
05}
ol ‘ Mvs H
[ : hysteresis loops
0.5 x
g L —*'*"—“’4’ - o 7
= 0.04K i/ 7
3 ‘ 1 Magnet behavior, i.e. slow
relaxation of the
°l T magnetization compatible
05| A with SCM behavior

0.008 Tis|
‘

4 __,__.4;/_,-_/ - noo‘nj
08 06 04 02 0 02 04 06 08
HIT

Introduction to Magnetism... by R. Clérac Bangalore, India 2018 -113 -

7) Single-Chain Magnets
Relaxation time measurements (ac susceptibility):
(NEts)2[Mn(5-MeOsalen)]2[Fe(CN)s]
) ! B «—1Hz
* b
ISt - _®E N oot
RO R g 7> ioohs
2 2 2 00
5 L ikt
~ 10 +— 1488 Hz
5
o .
12 ."-
2 t
3
2 %
xN ~
4
v/ Hz
[ . . . . .
‘—V A single relaxation mode compatible with SCM behavior
Introduction to Magnetism... by R. Clérac Bangalore, India 2018 - 114 -
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m 7) Single-Chain Magnets

Relaxation time measurements (M vs time):
(NEts)2[Mn(5-MeOsalen)]2[Fe(CN)e]

1

0.8 _

0.6 _

M/M,

04 el -

0.2 _

0 Lossal vuvad vosad vvsiad cvvial vviad vvad vl d 1 ad vwd vl
101 10° 107 105 1038 101 107

tr

|_; Determination of the relaxation time down to 0.8 K
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7) Single-Chain Magnets
Relaxation time:
(NEts)2[Mn(5-MeOsalen)]2[Fe(CN)s]
106 : - :
- A
T(T) = Texp —L
104 0
F k,T
102 |- 14K,
” 3 : )
== A/ke=31.1K: No/ke= 25 K
* 100 [ : :
b
102 * dc measurements
* ac measurements
1L | | ! _J
04 0.6 0.8 1 1.2
T-1/ K-
k . . .
H Crossover between two activated relaxation regimes
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7) Single-Chain Magnets

Relaxation time SMM vs SCM:

(NEts)>[Mn(5-MeOsalen)].[Fe(CN)s]

A \ A \ A \ A \
" L\ . Ly " L\ "
= =
Ao 4 W “ » ¥
SCM 4 Y hh
] ) )

P I I

104 |

(NEts)
[Mn(salmen)(MeOH)]2[Fe(CN)e]

wd enl i

W |

aul o

T P

In a given temperature
range the correlations

04 06 0.8
T1/ K-
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1.2 enhance the relaxation time
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7) Single-Chain Magnets

(a) Glauber, R. J. J. Math. Phys. 1963,
4, 294; (b) Struct. Bond. 2015, 164,
143; Struct. Bond. 2006, 122, 163

. M/Mszexp(—ij
T

tit

HHHTTTTTTTTHHH

s | H#0

H=-2J 2 P+l
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A
: ) with A; = 4J'S”
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7) Single-Chain Magnets

The relaxation time in a Single-Chain Magnet:
Chain of ferromagnetically coupled Ising spins (Glauber)
(a) Glauber, R. J. J. Math. |

Phys. 1963, 4, 294; (b) Struct.

]With Ag =4J’S? Bond. 2015, 164, 143; Struct.

Bond. 2006, 122, 163

B

EREE 4 1= mer] 2
b4 =¢; eXp| ——
O i 4 k,T
1) For a chain of anisotropic spins (D <0 and ID/J | > 4/3: Ising limit) :

= #
H= _2J‘2ST iST it DZSTZ iz

Ay 2A, +A
asUS Toexp{kBT]W'thA =[Dls; sy 7(T)= Toexp( or AJ

TTTTTTTTTTTTTTTTTTTT

P Coulon, C. ; Clérac, R; Lecren, L.;
Wernsdon‘er W.; Miyasaka, H. Phys.
Rev. B2004, 69, 132408

Bangalore, India 2018 -119 -
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7) Single-Chain Magnets

Relaxation time: the Glauber’s regime

(NEts),[Mn(5-MeOsalen)].[Fe(CN)s] with S 2 972

J7ks =0.08 K
D/kg =-0.94 K

[ Saam T
iﬁ _ 2A£ +A,
104 F T(T) = Toexp[m
102 r 1.4 K: with
w : 2A; +A, =8J'S; +|D|S;
= FAv/ks=31.1K: Ao/kg= 25 K ¢ A4 8JST+‘ ‘ST
& 100 ;
;F- ;
102 F * dc measurements
- * ac measurements ,
Lk - A+/ks = (8J+ |DI)St?/ks
104 ] : | | _i =32 K
04 0.6 0.8 1 1.2
T-1/ K1
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7) Single-Chain Magnets

The relaxation time in a Single-Chain Magnet:

o
ety
g 2) For a chain of anisotropic spins with a length L

S0 % (D< 0and DA > 4/3 Ising |Im|t) (a) Coulon, C. ; Miyasaka, H. ; Clérac,

0 R. Struct. Bond. 2006, 122, 163
s G . . &, Remamiiem
A H :_2J‘ZST,iST,i+1 + DZSTz’iZ Rev. B2004. 69, 132408
\ 2A, +A
for2¢ < L > TT) =T exp ——4
¢ by  UMN=7, p{ T
\ A +A
for2& > L » T(T) =T expl ——2

Luscombe, J. H. et al., Phys. Rev. E 1996, 53, 5852
Leal da Silva, J. K. et al., Phys. Rev. E 1995, 52, 4527

e e
2§
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7) Single-Chain Magnets

Relaxation time: the finite-size chain regime
(NEts)2[Mn(5-MeOsalen)]2[Fe(CN)e]

with S7=9/2
J7ks ~0.08 K
D/kg =-0.94 K
:! T T T
b A +A
104 ; 7(T) =To€xp( 'kaT A]
102 F 1.4 K: with

A +A,=4J'S; +|D|S;

w 3 .
: grA1/kB= 31.1 K ' Ao/kg= 25 K

100 ]

P i
102 3 * dc measurements

~ 3 ) g

o 3 : ac measurements Aok = (4J+ IDl)S'rz/kB

F L b | 2 =255K

0.4 0.6 0.8 1 1.2
T-1/ K-
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m 7) Single-Chain Magnets
&3 g. Another evidence of the finite-size chain regime:
0 : (NEts)2[Mn(5-MeOsalen)]2[Fe(CN)g]
3 ;'\ sboe! a A <«
+ ”!"-%‘ Ising Chain Model g =-27' SjZ&ia-M
st C, [ A; Finite chain
X=—-exp regime =n—L
T T k,T X
S # 2% >L r
g with A, =4J'S] n=44
i‘. 100 L =60 nm
5
~
~ .. .
~ Infinite chain N Sr=9/2
regime 2§ < L ey J/ks = +0.08(1) K
10 1 1 1 1 1 1 [
01 02 03 04 05 06 07 08
T7/K?
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7) Single-Chain Magnets

The ingredients in order to obtain a SCM:
+ chain architecture
+ high-spin chain units with uniaxial anisotropy
* large intra-chain magnetic interaction
- as small as possible inter-chain interactions

Transition metals organized by ligands:
+ 3d: Mn(lll), Fe(lll), Nil1), Co(ll), V(II)
« Lanthanides: Tb(lll), Dy(lll), Ho(lll)
» Mixed metals 3d/3d or 4f/4f or 3d/4f
+ Mixed spins: 3d/radical and 4f/radical
Polynuclear complexes organized by linkers:
+ SMMs
+ anisotropic complexes
Synthesis methods:
« serendipitous!
* by design

‘—‘V There are a few SCM examples in the literature since 2001
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7) Single-Chain Magnets

The “first” chain exhibiting slow relaxation:
Co'(hfac)(NITPhOMe)

hfac: hexafluoroacetylacetonate

NITPhOMe: 4’-methoxy-phenyl-4,4,5,5-tetramethyl
imidazoline-1-oxyl-3-oxide

Cobalt@)-Nitronyl Nitroxide Chains as ._ci%
Molecular Magnetic Nanowires™*

Andrea Caneschi. Dante Gatteschi,* Nikolia Lalioti, :
Claudio Sangregorio. Roberta Sessoli,

Giovanni Venturi, Alessandro Vindigni,
Angelo Rettori, Maria G. Pini, and Miguel A. Novak

——

Seen

Aeti/kz = 153 K

0.10 015 020

1T (K"

7) Single-Chain Magnets

The first chain named “Single-Chain Magnet”:
[Mnz(saltmen):Ni(pao)2(py)2](ClO04)2

saltmen?: N,N'—(1,1,2,2-tetramethylethylene) bis(salicylideneiminate)
pao: pyridine-2-aldoximate; py: pyridine
Evidence for Single-Chain Magnet Behavior in a Mn"'—Ni"

Chain Designed with High Spin Magnetic Units: A Route to
High Temperature Metastable Magnets
Y *and

Rodoiphe Clerac,™t Hitoshi 35
Claude Coulon®
Contribution from the Centre de Recherche Paul Pascal, CNRS UPR 8641, avenue du Dr. A.
Schweitzer, 33600 Pessae, France, and *. Ordering and Physical Properties”™,
PRESTO, Japan Science and Technology C ion (JST) and D of Chemistry,
Graduate School of Science, Tokyo Metropolitan University, Minami-Ohsawa 1-1, Hachioji,
Tokyo 1920397, Japan
Mn(lll)

i
H, = 111kOe

S$=3
D/ks =-2.5 K
Anks =22 K

50 100 150
H /kOe
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7) Single-Chain Magnets
The first chain named “Single-Chain Magnet”:
[Mny(saltmen):Ni(pao)(py)2]1(Cl0a)2
Hc = 3 T
Np— .
+0.008 T/s i f
05 L // /“ | diiE
P —T
a [ J / §K
of | 1
An/ks =22 K //‘ / 1K
Ayks=28 K s o / 2K
E 1 F s fattt
s |
7 = @} v mAe=74K j
At theo/ks =78 K of _ o) " rolke 53K |
Aztheo/ks = 50 K osl L !
[ 10t | o |
P . rements in Temperature
10° § o rements in Frequenc
-1 T R + 36 measurements
-0 -30 ’“ -0 0 10 20 30 40 2 025 03 055 04 045 05 055 06
H /kOe - /T (K
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