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Des aimants moléculaires
aux molécules magnétiques

Dante Gatteschi®, professeur

R s Les moddcules comportant un grand nombrg dions Oa Trans@on magndtiques. peusent donner niaissance & une hysidnksis
magndtigue Fonging moldmulaing, Co phincméne nowveay a 680 cbsored par axempla dans doux molbculas ayant
respacihvemant couze kons manganése af hult ons fer, Une vue densemble de cos meldoules ast prisenibie dans oot articls,
qui monire comsmant, an peincipa, il peul devenir possible de stocker de Pinformation sur une seule mokiculs,

From molecular magnets 1o magnetic molecules

Molecules comprising a lange number of magnatic transition matal ions may giae rise to magnatic hysbenesis of molecular origin,
This nenw phancmaencn has besn chsarved for instance in two molecules comprising baebos manganese and eight inon icns
raspactively. The properties of these molecules am roviewsd here, showing how in principle il may be possible 1o stone
information in ona singla molacula,

Moldcules & haut spin, mokiculas-nimants, bistabilitd.

Summary

Mots-clis

Kay-words  High spin molecules, single molscule magnats, bistabiity

agnetochemistry is that brunch of chemis-

try which traditicnally measures magnetic

properties, mainly parmmagnetic  proger-
ties, in order to Oblain structwral information [ 1]
The key for understanding the ongin of the stroctu-
ral information comained inthe magnetic propertes
of & compound is that firstof all it s generlly pos-
sible to easily oblain the number of unpaired elec-
trons present, and with some more labour also the
chemical environment in which the paramagnetic
center is located. In this respect the technique hos
essentially boen wsed for transition metal com-
pounds, because the magnetic properties of organic
radicals and rare carth ions. for different reasons,
are not much sensitive to the environment. Magne-
tochemistry has also been largely used in onder to
obfain structural information in metallo-proteins
and mctallo-enzymes.
In the last few years however there has been a
complete change in interest moving o the design
and synthesis of new materials for new magnetic
properties. In particular simple paramagnets have
no longer been the focus of interest, which has shif-
ted to molecular materials with permanent magneti-
Zation, o two- and one-dimensional magnetic
materials [2]. All these compounds have the com-
mon featwre of requiring the coatrol of infinite
arrays of magnetic centers, while in simple parama-
gnets the individeal centers are independent one
frovm the other. Therefore magnetochemistry is now
a more complete branch of chemistry, in which
clever design, ingenious synthesis and sophisticated
physical techniques, simply undreamed of jost few
YEars ago, must coexist in onder to give new classes
of materials. For sure the transition has not been the
initiative of a single scientist, but | have no doubt in

inlicating C¥ivier Kahn as the smgle indavidul
who has most contributed o the development of the
fiehd of magnets molecular matenals, wath his
creabivity, imagination, contagious  enthusizm,
synihietic  ability, and masterning of complex
experimental and theoretical technpgues,

The first challenge of the renovated msgnetochie-
mistry has been that of synthesizing maolecular
fermmagnets, or, better, modecule based systems
which have spontaneous magnetization below a cni-
tical temperature. In order to do this it 15 necessury
te choose appropriate magneiic builkding blocks,
and connecting them properly using suitable syn-
thetic strategies. The conditions for a fermomagnet
are stringent, bocawse it is well known that molecu-
bes containing unpaired electrons terd to form
bomds with paining of the spins. (Mivier Kahn has
certainly given a large contribution showing on one
side which strategies can be used to overcome this
difficulty, and on the other how it is possible to
take advantage of difficulties, by developing the
so-called ferrimagnetic strategy. In this case it is
possible o oblain a spontanesus magnetization by
using two different bwilding blocks, contaiming
different numbers of unpaired clectrons: even if
bonds are formed, some unpaired electron will be
left, thus giving Ase to spontancous magnetization.
Cerainly it is mot the goal of this article to resame
all the fundamental results obtained by CHivier
Kahn, hut his contributions have been seminal both
on the theoretical and the expenmental side. In the
former his model has been a clever translation into
the marlecular orbital language of the “80°s of the -
les for obtaining paralbel or antiparalle] srmangement
of the individual magnetic moments of the molecu-
lar building blocks. All the experimentalists have
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Figura 1 - Emangy leval dingram for a spin system charachenized
by the spin quantum numbar S in the absence ol & Magnetic
Fazsed, Oy hes bt weedl e shosn the levels with 0 < M < 5, on tha
fght thase with -5 £ M £ 0. Tho wide arows indicabe the
miagnedization comesponding 10 th indicabed levals. The fine
afrcw Indicales Thal the tunneling process is allowed. Hedar b
tha baxt dor more dedall

novw § clear amd simple guide for synthesizing their
complex molecules and for rationalizing  their
magnetic properties. On the experimental side he
reported some of the first molecular ferrimagnets,
mianaged to obtain a fully interdocked structure con-
taining three different magnetic centers, reported
molecular magnets with high coercive field (hard
mgnels),

Another fekd where he showed the creative role of
his imagination was in the old field of spin cross-
over materials, These are compounds originally
reporied in taly befone the second world war, which
have the charpeteristies of having low magnetica-
tion of bow remperatune, and high magnetization at
high temperature, The ransition from one spin siale
tor the other may occur ebther gradually or abruptly,
and in the latter case with of without hystenesis. The
presence of a hysteresis cvcle is particularly exci-
ting because at the same lemperature the material
can be in one state or the other, depending on the
history of the snple, Iin this way it is possible to
store information in the material, Olivier Kahn was
able to synthesize a material with the hysieresis
cyele centered around room Icmperalune, opening
the possibility of exciting applications.

A more recent feld of moleculsr magnetism, in
which Olivier Koha did aot really enter is that of
Single molecule magnets, SMM [3-6]. 1 must
confess that [ am embarassed 1o use this term, be-
cause Olivier Kahin chd not like i, and was contras-
timg its use in every saminar of conference where it
was used, 1 ndmit that be was right: the term is not
correct, mnd should mol be used, bat it has the sdvan-
tage of being evocative and catching the attention.
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[n et many terms which are curently wsed in
science  mow  have similar  features,  Anyway,
SMM’s are modecules containing a large number of
magnetic centers, whose magnetization relaxes so
slowdy at low temperature that the molecules
remain permanently magnetized for long times. Let
me try 1o be more clear, In a paramagnet the magne-
tization. which one can easily visualize a5 a vector
(o peanted arrowl), is ot fixed like ina bulk magnet.
Actundly, if it 15 forcedly oriented along a given
direction by applying an external magnetic field, it
will rapidly go back o equilibrium when the field is
remwved, Going back to equilibrium means that the
average magnetization must go to #ero, because a
parnmagnet has no permanent magnetization. Al
high temperature the magnetization of a parama-
gnet, characierized by a spin 5, comesponding 1o
half the number of unpaired electrons, s seno
because an individual spin passes rapidly through
all the possible projections, -5 £ M £ +5, and there
1% om0 mnleraction between the vanous magnetic
centers, However al low temperature maliers may
become differemt, Let ws imagine that two of the
projections, sy those characierized by M = =5,
become more energetically favourable than all the
odhers, in the absence of an applied magnetic ficeld.
A, possible cose ks shown in figure | for S = 10 The
fact that the M states group in pairs in energy, with
the exception of the M = 0 siate, is due i the cou-
pling af the spins to the orbital motion of the elec-
trons, and through this they feel that in this
particular cose it is more convenient wo align parallel
to the symmietry axis of the molecule, In magnetic
jurgon this is eguivalent W easy axis type magnetic
anisotropy. Al low temperature the molecules will
go into the lowest M = 210 level, and the magneti-
zation is zero, because there will be equal numbers
of molecules with magnetization corresponding 1o
M om <10 and M = +10, IF a field is applied parallel
to the easy axis, the magnetization of all the maole-
cules will orient parallel o the field, and the magne-
tization  becomes different from  zero. In the
quantum description of the § spin this cormesponds
to preparing all the molecules in the siate M = -10,
us shown in figure 2, When the field is switched off,
the scheme of the allowed energy levels is again that
of figire I, The two levels M = 10 and M = +10,
will have to be equally populated, but in order to do
that a molecule which initially is characterized by
M = -10 must change first 10 M = -9, then to
M = -8, up to M = 0, and then down to the positive
M values. In energy terms it must climb a barrier,
comesponding 1o the energy difference in xero field
hetween the M = <10 and the M = O level. The
anissropy barmier can be as high as 70 K in
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Figure 2 - Enedgy beval dagram lor & spin sysiem characherzed
by ihe Spin guaniem number 5 i e presence ol & Magnetc
faild H. On tha kol woll aro shown the ewals with 0 < M < S, an
the right thosa wish -5 < M < 0. The veriical amcws indicabe the
magnetization comesponding o heindicated bevels. The
Croased BT Ncaes that he unnelbng process is tarbicdden.
Fafar o tha taxt hor mone datail.

[ 0n oy S 0H OO0 G HS 00 ), Mg sAc, the first
discoverad 5MM, whose structure is shown in
Jigure ¥, 1t comprises an external ring of cight man-
gunese( 1) ions, each with spin 5 = 2, and an inter-
anl tetrabedoon of four manganese{IV), each with
5= M2, The individual spins are coupled as sche-
matically shown in figuee 3. In the ground state wll
the manganesa(11) spins are paraliel o each other,
giving & resulting spin 5 = 16, and antiparalle] to the
manganese( %) spins. The latter give a resulting
spin § = 6, which, subtracted from 5 = 16 gives a
tlal spin 5 = 1L Several different experimental
technigues show that the ground 5 = 10 is split as
shown i figeere 1, Therefore the magnetization of
Mungafe should behave as indicsted above for the
heal cuse, In particular if the relaxation time of the
muagretizatson is measured ss o function of empera-
ture a nce Arrhenius plot is observed [5]. In fact,
since the relaxotion of the magnetization follows a
thermally sctivated behavier the comesponding
time must be given by:

T = 1T expl AKT) (1)
where To= 2.1 % 107 5, and Ak = 62 K.

Using equation { 1) ond the experimentally determi-
ned paremeters T, and A the relaxation time ot 2 K
is 6.1 % 10% ca. 70days. We can say that the relaxa-
tion time is of the order of the month. This means
that if the molecule is magnetized. by applyving an
external field, when the field is removed after one
month the residual magnetization will be about
50 % of the initial one. Therefore Mnj-Ac behaves
like 2 magnet, becouse it has & non-zero magnekizo-
tran also an the absence of an appled field. It muast
e stressed that even if these molecales are called
SMM, so far no single molecule experiment has
been reported and all the messurements hove been

performed on assemblies of molecules, This has
been made possible by the fact that the molecules
are all identical 1 each sher. Mn;Ac crvsallizes
in & tetragonal space group and all the molecules are
ispomicied. This is indeed a aneal ad'n.'ul'l!:q:l: OET
other types of magnetic particles, which are very
difficult o be made as J'I'u.'r:'lL'uJ'l\]h'.'rM,: .'u.h¢||!||:'|lir_'\. T
fact MngAc was the right molecule a1 the nght
timse. In fact there was a large interest in the investi-
gation of possible quantum effects in the relaxation
of the magnetization in mesoscopic objects [7]. This
field followed am original suggestion by Leggent,
and had been widely developed on the theosetical
side. However experimental evidence was lacking.
In fact quantum effects depend exponentially on the
size of the magnetic particles, and unbess absolutely
menodisperse assemblics ans available, sophistica-
ted measurements on individual particles must be
performed.

M, Ac shows a typical stepped hysteresis, which
hais been taken as the first evidence of guanbum twn-
neling of the magnetization [8,9]. But led us proceed
step by step. The first point o comment is that a
hysteresis cycbe is observed. This is observed alsoin
bulk muygnets, and in fact it is widely wsed, in pami-
cular for storing information. The origin of the
hysteresis is imeversible phenomena associated 1o
the movement of the walls separsting differemt ma-
gnetic domains. In Mnj; Ac the origin is completely
different, it is due o the show molecular relaxation,
I fasct, the measurements are performed by first ap-
plying a strong field and then gradually reducing it
If one spends a very long time in measuring each
point, the system has enough time o reach equili-
brium which comesponds 10 2ero magnetization,

[Mny20,(CH;CO0),,(Hs0), ] 2CH.CO0H.4H,0

Carbon
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mury) O
Oxygen @
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Figure 3 - Structhure of Mni24c. The amws indicate the prefermed
£ orienlation in the ground state. The cnrstals ar tetragonal and

the cluster has Sy symmetry.
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(alow relawation ) at the Nelds where
im0 matching of the energies of the

e2ma tization
R e o Iiﬂ levels occur. However this cannot

™ 4 : \ ' Bistability: at go for ever: the M = +10 incresses
sl i S l— 5 ils energy on increasing the extemal
- 8 R 1 A fm."d "“: ficld, as +10gugH, where g is a
ém L. f magnetization can paramseter related to the natre of
N o 1 be either positive | e magnetic center, j is the Bohr
E e or negative mhaghcton and H s the extemnal
B0 Pl TSl magnetic ficld, while M = -9
§ fIEl pending decreases as -OpgugH. The two
20 e s " m history fo the levels will have to meet and ot this

i sample ficld the conditions for tunneling

1 3 are restored. The knowledge of the

MAGHETIC FIELD [T) energy levels of figure | shows that

- Magnaiic hysioress loop for a snghe eryslal of MA12A2 with the axtemal
magnatic feld parallel b the letagonal axis.

This means that at low temperature one should
spend a few months for cach point, which 1s clearly
difficult 1o be achieved. However, if only a few
minetes ang spent on cach point then the magnetiza-
ton does not have time to go to zero and only
slightly decreases. In this way a hysteresis cycle is
observed as shown in fgure 4. In particular it 15 seén
that a1 zero feld ithe magnetization can be éither
positive or negative, depending on the history of the
sample, This means that the molecules are hastable,
and bistability is widely used for stoning mforma-
tion. Mow this opens the interesting perspective of
storing information in a single molecule.

Looking in detail the hysieresis curve of MnjsAc
ope sees wome steps. In the cycles measured at
different emperatures the steps occur alwiays
the same feld, In panmicular steps are observed al
H=n04T wheren =10, 1, 2....The key for the
interpretation of these sieps is relatively simple if
one reflecis that the Mngsdc molecules e
certainly large enough to show seme behaveor
reminisoent of that observed in bulk magnets, but
certainly they are small enough to be well defined
ETHAI T |:|l]l|'-|,r|,:L'\. [nbecd ihe relaxation of the
magnetization can occur both through the thermally
activated process described above, and through
direct tunneling. This will occur most efficiently
when pairs of levels have the same energies. We
started by describing figure | saying thot pairs of
levels 2 M have the same energics. Therefore in
gera fiebd it must be expected ihod the tunnel
mechanism is relatively efficient. When the field s
different from zero, the matching of the energies s
lsst, the M = + 10 will have a different energy from
M = <10, the tunneling becomes less efficient.
In foct the hysteresis cycle shows flat regeons

24 - UACTUALITE CHIMIQUE - JUIN 2001

these crossings occur ot felds
H=n04 T in excellent agreemant
with the experimental datn, The
tunneling phenomena  oocur
between pairs of levels which are thermally
populated. For this reason the process has been
terred thermally assisted quantum tunnelmg,
Ther= is one gquestion | have not tken b
consideration =0 far, but which might be present in
the mind of many readers: are you sure tha the
obwervid behavior is a molecular one, and nol
associmted with some transition in the solkd stae?
There is now convincing evidence, including
specific heat measurements, but the most elegant is
the observation of MCD spectra in solution withour
an applied field. MCD spectra measure the different
ahaorption of right and left circularly polarized ligh
in the presence of an applisd magnetic field. When
the MCD spectra of MnpsAc were recorded in
frozen solmion they wene found o be perssien)
when the Meld was removed. Further the sign of the
differential absorption st zero field depended on the
history of the sample. Therefore o hysteresis was
obaerved in solution, ruling out the possibility of
cooperative phenomena. Slow relaxation of the
magnetization of MnjsAc therefore is o genuine
modecular phenomenon.

After MnjsAc there have been several variations,
starting from the most obvious ones which used
different carboxylates or partially redwced the
manganese jons. The latter category has provided
some et not resolved puzzle. If one electron is
ackded 1o the Mn ) ; cluster o species containing ome
manganese(ll), seven manganese(lll), and four
manganesei [V) is obtained, with a grownd state § =
1972, Although genuine quantum tunneling should
nol e observed in a system with an odd number of
unpaired electrons. the hysteresis curve shows @
marked step a1 zero field. More work is needed in
!hi\.,'m!'.u.
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unnzhing regime 15 never attained, in Feg the relaxa-
tion time never becomes 1o loag, and evidence of
the pure twancling regime, namely emperatun:
. [ independence of the magnetic relaxation, is obiai-
* . ! " 36 neecl below 250 mK,
; : Fe** @ | The SMM are becoming a wrue gold mine for
S=B/2 observing quantum phenomena, and somebody is
thinking about the possibility of using them in order
[ 1o store information for quantum computing. For
instance it had long been predicted that the so-called
Berry phase could be observed in magnets. If a
vanable transverse Neld, ie. perpendicular 1o the
easy axis, is applied the so called wanel spliting is
chhserved o oscillate, The mwnnel spliting i the
separaion of the M = =00 levels, determining the
tumnel phenomenon. In semi-classical reatment the
splitting i= due w the movement of two magnetic
vectors, one clock- and the ather anticlock-wise.
The conclusion one can reach is that molecular

[Fe,0,(0H);(tacn) JBry 9H,0

5=10

K. Wieghardt et al, 1984

Figure 5 - Siruciure of Fad. The arrows indicale ihe pretermed span
aresntation in the ground slaie.

Other examples of SMM have been found in Mny,
Fey. CriMng Vy species [9]. These compounds
show that in order 1o observe slow paramagnetic
relaxmion even small numbers of Magnetic centers
may be sulficien, provided that a relatively large
spin state with a suitable barrer is present, with
casy axis lype magnetic anisowropy, However the
secomd most investigated cluster is an octanuclear
iren{ Il complex, [FegOuOH)2(tacn g Brg 9H,0,
Feg, where twn = 1.4, 7-tnacacyclononane [ 10].
Fey has the structure shown in figuwee 5. I has the
same 5 = 10 grownd state of Mn)2Ac, which can be
simply justified by splining the set of eight iron( 111),
§= 5/2, ions into two subsets, one of 6 up spins and
2 down spins, This qualitative sssignment has been
confirmed by polorized neutron experiments which
have photographed o spin densaty comesponding o
the sbove description, The barrier for the reorenta-
tion of the magnetization in Feg is about one third of
that observed in Mn; . Cormespondingly the low
relaxation of the magnetization and the hysteresis of
Fey is observed at bower temperature compared 1o
Mn s Ac, The othier imeresting festure of Feg is that,
whale MnjaAc has tetragonal svmmetry, it kas no
symmetry &l all, This means that the magnenzation
encounters 3 barmer not only when it must go from
#2 10 =z, but also when it moves in the £y plane. In
order to have under-barrier tunneling the presence
of a transverse field is of parmmount importance. On
the ground of molecular symmetry alone it can be
expected that the wnnehng mechamsm 5 much
miwe efficient in Feg than in MngzAc, and this is
ez ot by expenmental data. [n Fact, while the re-
laxation of the magnetization of MnjsAc becomes
extremely bong m low lempersure, and the pure

technigues are mow providing much new phiysics,
especially in the extremely vivacious field of
nanosreciures, where it can be expecied to obsenve
coexistence of quanum and classical behaviors.
The limitaions so far have been associsted wiith the
difMfculties of growing larger clusters, but many
igenious chemists are operating and each month
mew larger malecules are synthesized. The best
achievements s0 far have been obtained with non-
magnctic metal jons: Miller recently reponicd a
cluster comprising 256 molybdenum fons [11], and
the same group was able to embed in anciher
malybdenum cluster 30 magnetic irond 1) ions. The
latter has an appealing guasi spherical structure,
with an 5= 0 ground state. However the separation
fronm the first excated stase must be extremcly small,
because the magnetization does not show any
ancemaly even al very low temperatures. In this
sense the cluster can be considered as atiny piece of
a bulk antiferromagnet, with a behavior which
cormesponds 1o a classical rather than 1o a quanium
object.

It is easy for me to predict that in the next few vears
meany meone larpe magnetic clusters will be reported,
pgoing closer and closer to the bulk limit, amd
chemists will be more and more involved in
leaming kow oo dewsign complex magnetic objects.
For sure all these achievements have been made
possible by ihe enthusiastic work of a great
scientist, Olivier Kahn.
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