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In the following we will focus essentially on the structusal magnetic and they are determined by the anisotropy of 3
corgelations in 8 MM_EM. ﬁrwunw_im gﬁ% mwmmmﬂ.wm »EWH mwu:.mmumh nwmmnm Em_.ﬁ mmnww spin centers 1 and 2. d 2nisoLIopy of the crystalline field atound the two i
and organic radicals as building blocks. We will resume first some lypics ' The magneto—crystalline anisotropy is the result of icati ; 1
prapertics associated with magnetically ordered materials which_are needed iz (2} to the whole Hmzwnm. It provides me uﬂwnmmm onmbnwﬂwwuwmﬁwwwuwamn.mﬂwmwum o i
order to understand in some detail the mechanism aceording to which a molecular neighboring centers, and also their absolute orientation in the lattice in the

based solid can underge a transition to magnetic order. Second we will show under
which  conditions strong intrachain interactions. are observed, and which
expecimental techniques are useful in order to investigate the properiies of

absence of an external magnetic field. The knowledge of magneto—cry i

. T . stalline
anisotropy would be very important 1o a detailed understanding %m: the wnﬂwmoﬂoﬁn
properties of magnets, but it must be obtained from experiment, because it is still

IWINM B2ISI4 14 Yo310171914:6a

one—dimensional materials in the paramagnetic state. Third we will show our practically impossible to calculate it fro inci
understanding n.um the nature of the interchain interactions which can mﬂ,.u.u.aw:u. The existence of uo:lmmo:ou.mn nmhw_mﬂw n-w_w.ﬂmumw.u determines the fact that
lead to maguetic order. Finally we will show how molecilar based materials can _the angle between neighboring spins is different ftom. 0 and 180°, This is

ghow magnetic properties which are much different from those commeonly met in

: particulatly relesant to antiferroma y i i iati
traditional Evp«mnm»m. and how these properties can be understood on the basis of agnae moments in the e ditkeros nolatiise

make the compensation of the magnetic moments in the two different sublattices

the structural features of the compounds. ' not perfect, thus providing a non—=zero magnetization, Materials which behave like ra
. . ] . this are weak ferromagnets. .:

2. Maguetic Ordering and Magneto—Crystalline Anisotropy ‘The preferred spin orientation may correspond 4o one direction, and i this D
case it is generally referred to as Ising anisotropy, or to 2 plane, and this is XY *

One of the fundamental aspects of bulk magnetism is magneto—crystalline anisotropy. Systems with Ising anisotropy are magnetically one—dimensionat, those

P e e e ppp—— ¢

CSLLTERS C@:

anisotropy, which determines the actnal preferred spin orientation in the lattice . with XY anisotr are t i i i
and largely affects the propertiea of the magnetically ordered E.wamnﬁ._.f:._. three—dimensional, Opy are two—dimensional, and Heisenberg systems are
_In fact when onme draws arrows to rtepresent spins implicitly :refers to ;

Magnetic dimensionality affects the critical temperature, i.e. the temperature

magneto-crystalline anisotropy. In most molecular materials exchange is below which magnetic order is established. All parameters remaining the same an

essentially Heicenberg type, which means that it only fixes the relative orientation Ising magnet orders at higher tempe > !
of the spins, namely parallel or antiparallel to each other, In order to intzoduce . Epin correlation length nmm plott &wﬁwmmw Mrwﬂﬁﬂw WMM Mwmhwﬁwo_wmn wmﬂ%mwomm _
directional properties it is necessary to take into account single eenter anisotropy 2 1 g one—di i

4 Ewmsn»w._:mmuuﬁmﬁ:rﬁiﬂrﬁvm§o<£=mo:uagnm=SE;#.._n
effects and anisotropic and antisymmetric spin—spin interactions [12]. These are iven temperature T, £ is mu i i Fupling ant J, at a
given by both through—bond ond. through—space interactions. The former is g pe » € is much higher for Ising than for Helsenberg magnets. ; i
determined by exchange involving the ground states and the excited states mixed : . . £i
in by spin—orbit coupling. The through-space component is determined by .

ﬁﬁwm:mzn dipolar interactions. The appropriate theory canm be found elsewhere W_,?_.w _
12,13}, : . ) H
“~n general limiting to bilinear interactions, the spin harmiltonian appropriate

to the interactions between two spins S, and 53 can be written as:

H= 115,52+ S;+Dj3-Sat d-SxS2 (1)

The first term is jsotropic and generally is largely determined by Heisenberg
exchange. The second term, where Dy is & traceless matrix, is anisotropic. In the
simple case of axial anisotropy this term can give preferential orientation of the
spins atong the line connecting them when |D.c|> [Dxx], or orthogonal ‘to this
line when |Des| < |Dxx|. In the former case the spins are parallel to each other for
Dq:< 0, and antiparatlel to each other for Bye> 0. Analogous considerations can be
made for the latter case, provided Dxy is substituted to Dy, ) .
: The third term in (1) is antisymmetric and it tends to orient the spins at 800
from each other, ) A

b The other relevant anisotropic tering which must be taken into account are of
the type: - - : -

H=8;-Dy- 8¢+ Mn...bn.mu - nmu

Comt et

BT 2102 O .
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Figure 1. Correlation length ¢ for Ising, XY and Heisenberg magnets. Th
‘ intersection of the dotted line with the nzﬁmmu_ ¥ields the critical nmmnuummm_ﬂ.pnm.. ¢
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% simple model suggests that the critical temperature is velated [14] to the
spin correlation length by:

e
kTe= Es mﬁnnu ﬁuu
here E; is an energy associated with the interactions between the chains.
mgamc.cun {3) admits the graphic solution shown in Figure 1. Ising magoets have
higher transition temperatures than Heisenberg magnets.
3. One-Dimensional Metal-Nitronyl Nitroxide Magnets
3.1 Structwral Types

Hhuwwunwannoavouuamnmn,cmmuaavmmumasmmhwg?mw&_uw:nzqm:v:m&um
blocks [15], shown in Figure 2. B

CE
CH II«\ 3 .
V!nx - o/z _C U/ o—N
,F O\\ . /O‘./ l
CH Ch a

Figure 2. The M(hfac); and NITR building blocks for molecular magnets.

We have found that the NITR radicals can bridge two metal jons witk two NO
groups both in a x—1,3 fashion or in a g1,1 fashion, as shown in Figure 3.

R R

A A

M—O—N —0O—M ) Olﬂ_
_U {
N

@ i

r4

~Z

\3
i

-

0

A R
M
1C)

Figure 3. Possible coordination modes of the NITR radicals.

For the u—1,3 coordination, linear chains can be formed according to the -

schemes of Figure 4a and 4b, respectively. For a irars coordination of the two
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radicals around the metal jon straight chaing can be formed, while for cis

mco—.nmnwﬁcu staircase s{ructures are obtained. Eventually spiral staircases can be
ormed. .

tay . _ 2 ‘ o
M %
-R P R——t4 R— ......mA /Vz‘...: xA /\m,...
?4\ ?.._\ .
1
R——#M )
_ M M
R~———M |nA Vz!rz.almA v_fl_sr
! M i
R——M ;
|
ik >

ﬁﬁm#.évmmo?ﬁmﬂm.&ﬂanﬂnnﬂowwmﬂmmmonnoﬂ.Emmmoun,mn E.. ,EE.wn
wﬁm NITR building blocks, . ) e (hiac)

Por p—1,1 coordination linear chain compounds can be formed as shown in
Figure 4c. In this case the NO group which is not bound to the metal ion interacts
with the analogous NO group omgﬁvmn molecule. o

The coordination scheme of Figure 3¢ has been only postulated [16], and in

this case a two—dimensional magnetic structure cam be formed.

The linear chain compounds of Figure 4d are formed when an additicnal
donor atom is present on NITR. For instance when R= py, the radical acts as a
tridentate ligand and [Cu(hfac)s|s(NITpPy), has in fact that structure [L7].

" Chains of type a and b ¢an be ferramagnetic or ferrimagnetic, d ending on
the sign of the exchange interaction, jf the metal ion M is magnetic. If the metal
iom is mon—magnetic both ferro— or antiferro—magnetic chains can be formed. We
have experimentally found examples of all these types of behavior {15). f

In the chaine of the type depicted in Figure dc in general the radical-radical |

exchange interactiom is antiferromagnetic, s0 one—dimensional antiferromagnets
result. H the M-R coupling  is- antiferromagnetic the MR clusters form

' ferrimagnetic rings, while 1f the M=R coupling is ferromagnetic, ferromagnetic
rings are formed. Experimentally we have found examples of the former but not of
_ the latter type [15). o , ‘

- Chains as depicted in Figure 4d can give raise to many different types of

~ behavior depending on the sign of the metal—radical coupling constants.

3.2 Paramagnetic Properties . S

We - have investigated the ,g?&ﬂmﬁmouﬁ antiferromagnets
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Nuw?.n,zuﬁmwnmuoHm.dﬁguzmﬂﬁ&—m.u.m.mwﬁmwumvoﬂmnnrm
Enmnmamn&vuowﬂnwk of um.ﬁ.unm?&.nzm.mwfu MNS. .Tua last two have a structure
which can be correlated to the scheme of Figure 4a, while the first has the
strictere shown in Figure 5. The exchange pathway gocs through yttrium({HI} in
Y{hfac)s{ NITEL), through the Rhoftfac)s dimers in Rhy(tfac){NITPh), while it
goes presumably thro a direct interaction between the NO groups which are

connected by a dotted line in Figure § for Zn(hfac o RITiPr)(H;0}. The isotropic.

ling constant i6 4.5 em-t for the first, 97 cm-! for the second; and 12.2 cm ™ for
mewz_mmn. The data were fitted with the wsual formula for .ouml&n-muﬂgﬂ
Heisenberg antiferromagnets [20]. : -

f_ N

Figure 5. Structure of the chains in Zn(hfac);(NITiPr)(H0)

"It is exiremely interesting to temark here that if NITPh in
Rho{tfac)4(NITPh) is substituted by the analogous IMMe radical, whose formula is
shown im TFigure 6, the resulting chains are ferro— [21] rather than
antiferromagnetic.

Figure 6. Formula of the IMMe radical.

The reason for the different behavior is that while the Ewmum,mn orbitals of the

nitronyl nitroxides are efficiently cospled by the o orbitals of Rhy({tfacls, the =
o.E»u_«w of the imino—nitroxides are orthogona! to the o orbitals of Rhy(tfac)y thus

sk

[25]):
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yielding a ferromagnetic oo:wmbm corresponding to J= —4 em-t [21].
Rh{tfac)(IMMe) is an example of a one—dimensional organic ferromagnet,
because the metal ions only provide a Tigid frame to the chains, and an efficient
superexchange pathway to the radical »* magnetic orbitals. -
" .The EPR spectra of &u?».u&uﬁzu_iwnm.

have typical one—dimensional behavier which shows wp in deviations of the
Lineshape from lorenizizan behavior, in the angular dependence of the linewidth
which follows a (3¢0s2¢—1)» dependence around the chain direction, and in g shifts
at low temperature, which are determined by short range order effects _mw.mwm. ’

The typical one—dimensional behavior - canm be destroyed by . several
perturbations. Among these inter—chain exchange interactions play a major role,
as is intuitively clear, because a large inter—chain coupling will change the system
from one— to two— or three—dimensional. The lineshape is the spectral parameter

- which is more readily affected by inter—chain exchange interactions, which begin

to show their effects when J2/J < 10-3. The determination of the lineshape of the
EPR spectra of a one—dimensional magnetic material can therefore be an
important information for the structural characterization of the material.

The g shifts observed at low temperature are also particularly important in
order to recognize which are the preferzed spin - directions. In WQ when the
exchange energy becomes comparable with thermal energy the spins along the
chain become correlated in relatively lomg segments, and internal fields thus
generated cither add or subtract 1o the external field of the EPR spectrometer [24].
As a consequence the resonance shifts down— or up—field, according to the spin
orientation. For both ideal ferro— and antiferro—magnets the resonance shifts
down—ficld - parallel - to the chain, and up—{field orthogonal to it. For. ideal
ferrimagnets the pattern is completely reversed. Ideal one—dimensional magnet
here means a linear chain system in which the possible interaction are nearest
neighbor m#n—.wzwwo and dipolar interactions. Ideal ferromagnets have Ising
anisotropy, while both ferri— and antiferro—magnets have XY anisotropy [23).

The g shifts are related to the magnetic anisotropy according to the relation

Bi= Vxxe/xiBo  (4)

where 3, j, k correspond to x, v, and z, By is the resonance field in the absence of

short range order effects, and B; is the resonance field along i. The values

appropriate to the other directions can be obtained by cyclic permutations.
quation (4) atates that the type of information which can be obtained from
magnetic anisotropy and single crystal EPR spectra is essentially the same.
However, in general for the latter experiment smaller crystals are required, which
can be extremely important for molecular based materials, which are often
reluctant to yield big crystals. Finally it must be recalled that even polycrystalline

powder EPR spectra can yield useful information on the nature of the magneto- .

crystalline amisotropy. -~ ~ - . ! . .
The extent of the g shift depends on the dipolar and exchange energies [24],

" in the sense that an increase of both mnmcnaﬂuﬂmﬁ shifts. Chains with larger spins

tend to give larger g shifts than chains with er spins.

Detecting the g shifts in one dimensional 5=-1/2 ubmmmunoawmun.»w is not-

simple. We succeeded in doing that for Zn{hfac):{NITiPr)(H20) only by using a
high field spectrometer opezating at 248 GHz [18). The temperature dependence of

the g shifts of Zn{hfac);(NITiPr){H20) iz shown in Figure 7. The experimental

’

H,0} [18] and Mw?nmnwuﬁzuemﬁw. {19].

"UIWINA B01SI4 10 803L01TA1d:6a
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data clearly show that the anisotropy is of the XY type, as expected for an ideal
one—dimensional antiferromagnet. The reason why the shifts axe 60 small is that
the dipolar interaction is rather weak betanse the spins on the chain are fairly
distant from each other and the intra—chain coupling is also small. .

2008 g |
2UMEF N 2 Oy W

.D. . G gy
2.007 | o

2.006 |

g FACTOR

2005}
2004}

2003t

2.002 ! ! : : y
0 b1 i 15 20 25 3¢
TEMPERATURE  (K)

Figure 7. Temperatuce dependence of the g shifts for Zn{hfac)o(NITiPr}{H,0).

The filled citcles refer to single crystal spectra.
Cu(hfac){ NITR) chains behave as one—dimensional ferromagnets as shown

W%mewnnnnu‘mnmznﬂmwa&mﬁg:_Mm.wd.ﬁa omm...w cm»rammﬂoambmﬁn
coupling between copper(lI) and the radical is the fact that the maggpetic orbitals
of the two magnetic centers are orthogonal to each ather when the radical occupies
an axial position in the distorted octahedral coordination around copper(II). The
exchange coupling constants were found to be in the n:m» J= —20 to =25 cm™L
The EPR spectra of. both Cu(hfac)z(NITMe) and - Cu(hfac]y{NITiPr) have
one-dimensional behavior of the linewidth [27,28], but the lmeshape iz lorentzian,
due to the slightly =ig zag nature of the chain, and to the presemce of anisotropic
exchange contdbutions. The low temperature EPR Mmﬁﬁnw show sizeable g shifts
which show that the preferred spin orlentation is paratlel to the chain in agreement
with the ferromagnetic nature of the materials. : ‘ :
Ferrimagnetic chaing are formed by Eﬁ-mwnmwmn.—.w (2081} and mickel(T1) [32]
because the coupling constant betweem metel and radical is in this case
antiferromagnetic. ‘The sign of the coupling constant is readily understcod if one
considers that for nickel[Il} and manganese(1I) there is at least one magnetic
orbital on the metal ion which can overlap fo the radical magnetic orbital. |
- The  temperature ~ dependence of ~ the - magnetic - susceptibility _for
one-dimensional ‘ferrimagnets can be calculated with several models of variouws
sophistication. The simplest approach is the Ising approach [33] which however is

not realistic for this kind of 2pins. In the opposite limit all the spins are treated a8

classical spins [34], and formulae are also available which treat the S= Ku spins a3
- guantum spins, and the others as classical spins [35]. Pinally for chaine with

223

S,=1/2 and S;= 1 the susceptibility has been calculated through ;
extrapolation using small auhvw [26]. Y oueh % Prooedure of

The values of the coupling constants are in the range Jv 400 cm-t for the ,

nickel [32] and J¥ 200— 350 cm-! for the manganese derivatives [20-31]. These
values, coupled with the relatively large value of the nickel{lI) and manganese(Ii)
spins, yield high correlation lengths of the spins at Jow temperatures, which show
up in the high values of »T. In Figure 8 the temperature dependence of T is

mroﬂbmongbﬂmnzuﬁmwn.ﬁ_ﬁ m. _ r .
D T o (hfac)s( v w correlation length can _umwgmodam_aw

E(T)= X(T)/x<(T) (S+1)/5— 1/ - (5)

where x(T) is the susceptibility of the one—dimensional material, x{T) js the
susceptibility of an analogous compound following the Curie law, and 8= 2 for the

manganese, S= 1/2 for ihe mnickel derivative, In this way correlation Iengths of

50-60 metal ions are calcnlated at low temperature.

355§
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Figure 8. Temperature dependence of xT for Mn(hfac)y(NITiPr).

" The manganese: compounds are the ones more intensively investigated. .

Mn{hfac){NITiPz) has a straight chain structure {20] corresponding to Figure 4a
S_:mm Mn(hfac);{NITnPr), Mn{hfac}:(NITE¢ mwum. and Mn(hfac)2{ NITPhOMe
E have the stepped structure of Figure 4b. In particular Mr{hfac}( NITPhOMe
nrﬁu.nauﬁw— staircase structure imposed by a crystallographic 3; symmetry of the

The structural differences in the four compounds are dearly reflected in the

. EPR spectra. Mnfhfac),{NITiPr), which has a regular chain structure, has typical. -

one—dimensional behavior at room temperature [20], while the other three

componnds,  whick  have a stepped chain structure, do not show acy of the -

one—dimensional features at room temperature [31,37]. However all of them show

sizeable g shifts at low . temperature, which jde useful i i
preferred 6pin orientation. pe » which provide us information on the
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jPr) h i XY tvpe of snisotropy, with the spins which with Te= 7.61 K and 9= 1.13. The_critical exponent depends on the type of i 0
olaﬁﬁ“-@hﬂﬂ%hﬁ%ﬂ@%nﬂ%ﬁw the omnmw in memB%_w. with an almost ideal magret which is considered. For a Heisenberg 3—D ferromagnet o= 1.38, while for L L
one-dimensional steucture. A perfect XY type of anisotropy is ghown by a uniaxial dipolar ferromagnet <2 1 [10]. Our observed value puts A
Mn(hfac):{(NITPhOMe), while Mn{hfac):{ NITnPr) and Mn(hfac A NITEt) have a Eu?ﬁnmﬁuﬁw& closer to the latter limit, and also other evidencss, to be -
uasi H&uum type om‘wauwﬁovu.. The Emmm—.ma_nm between these compounds is bound discussed below, suggest that indeed it is the dipolar interaction between the .l
mo the = Iact .that crystallographic = symmetry - jmposes that in chains which drives the uIU.meumSn ordering. . )
Mn(hfac)y{ NITPhOMe) the mwmaw prthogonal to the trigonal axis is isotropic, and ) The saturation magnetization of Mn(hfac),( NITiPr corresponds to ca 4 BM, =0
since the interplay of antiferromagnetic exchange and dipolar interactions pulls the in good agreement with the value expected for a 5=2 spin. This valne is -3
spins out of the chains, the result is XY anisolropy. In Mn{hfac)o{NITE{) and determined by the fact that the manganese—radical pairs are strongly . -
Mn(hfac):{NITaPr) the stepped chains lie approximately in a plane, and the spins . antiferromagnetically coupled 1o give a gronnd 5= 2 state. . . ] 1 Z
orient pr m—.mu«._&wu‘ orthogonal to-this plane where the most intense dipolar .. Similar results were observed for the other manganese—radical chaing, whose isolx
interactions are observed. Therefore the resulting anisotropy is of the Ising type. - critical temperatures are collected in Table I. In particular Mn(hfac)(NITEL} 35 e
- Extremely large g shifts were observed for Mn(hiac)(NITEL): at 10 X the g value vielded the hysteresis loop shown in Figure 10. Apparently these manganese H “ >
_ along the easy axis reaches 3.8, . radical compounds behave as soft magnetic materials. 1 _
4. Three—Dimensiona! Metal-Nitronyl Nitroxide Magnets R
. S
4.1 M ese Chaing £ i
Mn(hfac)NITiP1), H.___—FHPGWAZH?H&. Mn(hfac)(NITEL), fand Mn(hfac); PR
(NITPhOMe), represent the most complete  beries  of metal-Tadical .
one—dimengional compounds whose transition temperatures have been accurately X i =
investigated [30,31,37], and which allowed us 1o establish some useful -603 60 b ' 8
structural-magnetic cortelations. ) H (0e) S
IEER R
o T Li T 1 ¥ T ._ M m m
- -w-...-..l . .&
| 11
M o 0;-0 1 nu.nm .
m T - i : . Figure 10. Hysteresis loop for Mn(hfac)(NITEL) at 4.2 K (—) and 1.25 K (~—).
I L ~ . " . The molar magnetization is given in {(emu mol-1 G) /103,
.m_ o T In order to understand the origin of the differences in the critical
2 "I temperatures for these compounds it is weeful to take mewaon (3) as a reference P
B L Sl R R M point. The origin of the interaction energies E; must preliminarily be established. : Q
s s . & T B B oW W - The magnetic anisotiopy of these compounds in the ordered phase follows the i
rewpensns (X} : pattern observed in the paramagnetic phase. Since the preferred spin crieetation is a5
, e of ._,_.W_ﬂ wb%ommnm.ﬂwm %—w the me: of dipolar interactions, m_» seems reasonable to assume w :
Figure 9. Temperature dependence of the magnetic susceptibility that in the driving force to 3—D order is the dipolar interaction. o
iPr) i field of 0.5 G. ‘ . A support to this “hypothesis comes from the lack of amy reasonable )
Mn(hfac)a( NITiFr in an external field o ' inter—chain exchange pathway in these nom-uognw. In manm—mn to %—.mow if MW@M» : : ”_H
unds undergo a transition to three—dimensional ferromagneté _ exchange interactions are possible, we must first Jook at w are the atoms of the ) gl
in EMH—H»»M@M n%m-w_uoﬂ. in ﬁ_e.mv three—dimensional order corresponds to a ~ Mn{hfac); and NITR building blocks which have the uﬁwns unpaired spin density. R M _ p=
ferto: msmn ordering of ferrimagnetic chains, In Figure 8 the magnetic . These are of course the manganese jons and the NO groups of the nitron ¢ r
susceptibility of gu?ﬂﬁ J(NITiPr) in an externat field of 0.5 G is shown. A .~ nitroxides, but im no compounds are inter—chain distances shorter than 8 B
singularity is observed at w.—.m 7.5 K, indicative of a magnetic phase transition. The chserved. Shorter contacie are observed between CFj gromps but these- are H
susceptibility was found to follow the critical law: considered to be magnetic ingulators, therefore rather ineflective in tramsmitting  HA
B ] v EERE : ... superexchange interactions. - b . , 1 i
x=D(T-Tc} - {B8) : ! ‘ = , o
| .. ¢ : |
: Lo
: :
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Tabtle I. Intra—chain Coupling, Di ouwh.mn_mamwmm.wﬁm OEnEwpmnunnowmmﬂcmm
Critical Temperatures for Eu?ﬁw&mﬁﬂw@ Chains.

Radical 3 Ea* Ear¥ Eg* Tee Teo
. NITPhOMe 4 —.083 —063 126 6.1 4.8
NITiPc 130 ~ —149  —126 265 8.8 7.6
NITEt 258 —155 .063 092 5.1 8.4

J is in cm-l, dipolar energies and critical temperatures in X. Critical temperatures
have been calculated with eg. 3. £ corresponds to the chain axds. ¥ corresponds to
the b axis for NITiPr, while it is in the Mn—radical plane in NITEt.

The EPR spectra of the Mn{hfac ANITR) family show that Jjl<< 1079,
thus concurring in the identification of the dipolar interaction as the responsible of
the magnetic ordering. NMR spectra recorded at room temperature show spin
diffusive behavior which is cut off at a frequency of ca. 20 MHz [38]. This value
corresponds well to that expected for intra—chain dipolar interaction, and sets the
J:/J limit even lower than 10-5.

. The dipolar energy can be calculated to a good approximation in a rather
simple way. Focuging on a manganese—radical pair one can include the interaction
with ail the spins which are contained in'a sphere centered around the reference
-pair. A radius large enough tognsure that the slowly decaying dipolar interactions
ate effectively quenched is 70 A, ‘The spins are oriented parallel to some particular
direction, for instance parallel and perpendicular to the chain, and kept parallel or
antiparallel to each other according to the sign of the intra—~chain exchange
interaction. The spins of different chains are kept parallel to each other, according
to the bulk ferromagnetism of the compounds. :

With this procedure the dipolar energies for the four Mn(hfac)y{NITR}
compounds - are calculated as shown 3n Table 1. The = direction is the chain
direction, y is chosen to lie in the Mn—R plane for cis coordinated complexes. In
‘agreement with the considerations above both En?mmhvxzﬂﬂwwogmu and
Mn(hfac);{NITiPr) have XY anisotropy,  while Mn(hfac):(NITEt) has Ising
anisotropy. Mn( e}s(NITPhOMe) has a smaller dipolar energy compared to
Mn(hfac){ NITiPr), essentially because {he trigonal symmetry of the former
determines a larger spatial spreadin of the spins. Since the J values for the two
compounds are rather similar, the ealated critical temperatures follow the same
pattern as the dipolar energies, and as the experimental  temperatures. The
calculated critical temperature of z.-ﬁ.mvnwunzuﬂﬁmw falls in between the other

twao, while experimentally it has the highest T.. However the lsing anisotropy

actually must yield a higher spin correlation length them XY anigsotropy, therefore -

increasing the critical temperatuze )

The satisfactory explanation of the. short range order effects and of the
critical temperatures using a simple dipolar approach, shows which is the main
problem in this class of 'materials, if high Tgs must. be arrived at. Further
although in the cases reported in” this tion the dipolar determined three
“dimensional = order is ferromagnetic, - this s -by . mo gieans the rule and
antiferromagnetic spin arrangements can arise depending on the preferred spin
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orientation in the chai : ; . . L
Shows in the Dext mwnﬁuwﬂ.w:n can the relative disposition of the chains. This will be

4.2 Copper Chains

Two structurally characterized o] per(Il) um»,»ou itroxi i

I —nitronyl nitroxide chains wer
m%??&m@%g and Cu(hisc)(NITMe) [26,27). Although the enordinasion. of
EWWMMF ) is similar in both compounds, the ways in which the chains assemble  in
the nrmmb ﬂnmw m%ﬁmmwm »ﬂumﬂnﬂ;. as shown in Figure 11. In Cu{hfac);(NITMe) all
PN AR LA each other, while they are orthogonal to each other in

Both compounds behave  as one—dimensional - ferromagnets and  the

susceptibility down io c2. 3 K could be satisfactorily reproduced using the -

formulae appropriate [39] to one~dimensional ferromagnets.

E mw_mua 11. Crystal latticea of O_umvmwﬁuma..—..g&. left, and Ownrmmhuu_mzuﬂmuu&“

At lower nﬂwmmnwgnm some small deviations from one—dimensional behavior

Wﬂm"oﬁmnqg. which could be satisfactorily mn—nﬂ— dowvn to 1.2 K ._mmmum the equation
1 : ,
. +{sJ . f Qu\v.nnra

= Nule? : I .
where C = Z.s.mm » Xy 18 the .uﬂmnmv»wﬁr.u‘ appropriate to isclated chains, I* is
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the inter—chain exchange interaction, and z is the number of nearest neighbor
chains. The best fit parameters are J = —245 cm-, =) =-2x10-3 for
Oﬂﬁwmmhuumz-.ﬂmdnw and J = —30.8 cm, 2J' = 4.6x10-7 cm1 for Cu{hfac);,(RKITMe).
‘The data for the latter show that an antiferromagnetic interaction 1s taking over at
low temperature, while the small value observed for the former does not allow us
to draw any safe conclagion, .

Although ir {7) we formally treat the inter—chain interaction as exchange in
nature, qualisativety the same
arrived at also wsing 2 dipolar interaction. As a matter of fact, using the latter
approach it 'is possible to0 rationalize the different behavior of ferrimagnetic
Emnﬂmummm chains, which order ferromagnetically, and of ferromagnetic chains
which show antiferromagnetic deviations [rom ideal one~dimensional behavior.

As previously stated the preferred spin orientation for ferrimagnetic chains is
orthogonal 1o the chain, while it is paraliel to the chain for ferromagnetic chains.-
The dipolar field generated by a gemeric spin on one chain in the one—dimensional
ferri ets tends to keep the corresponding spins on 2 nmmw_.vonn_% chain paratlel
to itself as shown in Figure 12b, On the other hand, the dipolar field generated by
a spin on a ferromagnetic chain tends to keep the sping on a neighboring chain
antiparallel 1o itself, as shown in Figure 12a. Of course this behavior depends also
on the offset of the neighboring chzins relative to each other.

..\4‘ .
NS
7 o — |!._v T ..m M.W....m - # T
: ~

- m— s —

S/ ~

. Figure 12. Dipolar fields generated by ferromagnetic and ferrimagnetic chains,

5. Beyond One-Dimensicnal Magnets

‘There is no doubt that the strong maguetic interactions between metal ions and
nitronyl nitroxides make these two building blocks extremely appealing. However
no substantial increase in T, can be expected if the strong interactions are not
extended to at least two dimeasions. In order to achieve thig goal we are currently

. . using two approaches.

The first approach is that of introducing in the NITR radical additional
donor atoms,; which can in principle branch different chains. The radical whick we

have tested up to now is NITpPy [41,42], which we found to be able to coordinate

both as bidentate, with the pyndine nitro, and one NO group #s donors, or as
tridentate. What in interesting is that when the pyridine nitrogen binds to a

ehavior of the average susceptibility might be -

=

A well kaowr magneto optical effect is the Faraday rotation, whic
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metal a2 moderate magnetic coupling i b

radie? Faod Eagnatic pling 15 observed between the metal ion and the
Y T St o o ope 0, 30 S

When NITpPy acls as irde ]
- 3 C ntate ligand it can form chai i
. ommucwmawwm%_ﬂm Eﬂwmn%wgcn ﬂozﬂ&w&&u NITpPy)a Tﬂ_ awmnwnﬂmr%www%ﬂ .M
formmala. Mt an H“_ romagnet. However it is possible to isolate compounds of
ormla, M wh@n% 2l:M! (hfac), NITpPy};, which would be examples of chains in
ot et nrmmmwwnw .num._wmh%q spine alternate regularly’in space. Further we have
il o—dimensional structures can be aoaﬂhcnnamuaEm

The second approach in order ta i j v
Th . appr increase the latt i jonality
W_mw.mcwwﬁonm_ FEﬂnennn complexes ig that of mnum:.ﬂﬁmnm wﬁnﬁ.ommwhmmu of
Snumﬁmn_oﬂnm w~ cetonate ligands with other ligands . which  can - yield a
gonnects ».oﬂhm.”m ﬂw.wwmuwmhﬂm mmh_MMoMmh N.wm achieved !:w metal Eeo#ﬂﬁoﬂv in «W%MN
the repeat unit shown in Fi j
case the metal carboxylates provide the mwﬁ:m for a chain ﬁw%ﬂh&hw Mﬂw
5 group whick can conmect differ hai
Wﬂ:ﬁ%ﬁ% NWwa& %M“ PME@& such a structure in [Mn(pfbe u._uzmmhmy._mwﬁmnhw JM
[ a... 2 [4 &wirn_d pibz is pentafluorohenzoaie. U ortunately we wer
oy able ormno..q sttitable crystals for X-ray analysis. Both compounds und 3
g0 bhase transitions at ca. 25 K, showing hysteresis loops. The fi m
Jopendeng tie a ferromagnetic phase transition, b
poaves U e possibility open for a weak ferromagnet. Indeed such a Emwmm.pm

might b i i : :
twodimensional mahswﬁwmw:zm with ea  antiferromagnetic  ordering of

Figure 13. Repeat

aitroxides. unit observed in metal carboxylate derivatives of nitronyl

6. Optical and .z?mnn“mn‘ .—uauxﬁmmm. .

The charactesistic of molecular m, ic materi ~hich
: I ecul agnetic materials whi i inci :
destrable for possible applications are those related .oﬂEwMﬂ«wﬁWﬁWnﬂ%ﬂﬁﬂﬂm«
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fact that & magnetized specimen has a different refraction index for right and left
circularly polarized Hght. Therefore a linearly polarized light beam propagsating
parallel to the direction of the magnetization rotates the gmmﬂn. ation plane by an
angle which depends on the nature of the material. For possible applications it
would be desirable to bave large specific rotation, and mclecular materials in
vﬂunmuww might be Hnely tuned through the ueual chemical procedures 1o achieve
this goal.

To our knowledge no data have been reported up to mow on the Faraday
rotation of molecular magnetic materials. However we want to notice that some of
the molecular compounds reporied to order ferromaguetically crystallize in
acentric space groups [44,37), therefore they should be optically active also in the
paramagnetic state. It would be very interesting to investigate the interplay of the
two types of optical activity ?bwmuamn and natural) in these compounds, which
offer a unique testing MSER or thecretical models. Further, nom—centric
materiale may be suitable for non—linear optical applications, like second barmonic

_gemeration, In fact : we observed sizeable second harmonic gemeration in
Eu?*wﬁwn_mz.—ﬁwuozmu {37], altkough we cannot provide a definitive value to x 2
due to the fact that our compound absorbs the mo:@n&.mn second harmonic when

irradiated at 1064 nm. Again the interplay of opticsl and magnetic properties is a -

new field of research which deserves accurate investigations.

Another possible application of molecular magnetic materials might be
assaciated with the presence of exciton—magnon side bande in the ordered phase,
similar to these which are currently studied for application in magnetic garnets

45). ;

[45] Our experience has been limited wup to now to studies on simple
metal—radical complexes, of which Quﬁoemunuﬂwm.ﬁnmoem = rec-5,7,7,12,14,14-
hexamethyl— ~1,4,8,11—tetraseacyclotetradecane; DTBSQ = 3,5—di-ferf-butyl-
semiquinone) is an ilfuminzting example [46]. This compound kas a ground 5 = 1
state, which originates from the strong antiferromagnetic interaction between
chromium{III) and the semiquinone { J > 400 cm-1). The chromium spin forbidden
band 4Ty ~+ 2E;, which cccurs at ca. 14,000 cm-! in most chromium complexes
with - very low intensity is observed in Oumm.wm,xbewmn_ with. ¢ = 3000
{cm-2mmol) due to the strong exchange coupling between the metal and the
radical. Defiritely more experimental work is needed in this area.
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