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perature or applied field. Should transpar- 
ent materials be synthesized with spontane- 
ous magnetization close to 300 K, applica- 
tions in data storage and telecommunica- 
tions would surelv follow. 

There are several other features of poten- 
tial practical import that distinguish mag- 
netic materials based on molecules from 
their analogs consisting of continuous ionic 
or metallic lattices. Synthetic methods are, 
of course, quite different, based on the tradi- 
tional methods espoused by coordination or 
organometallic chemists, such as crystalliza- 
tion from solution close to room tempera- 
ture. Consequently, thin films might be 
de~osited with methods. such as solvent 

Magnetism and chemistry have had an up 
and down history together. From very early 
times, chemists thought that useful infor- 
mation about the bonds between atoms in 
molecules and solids could be derived from 
measurements of magnetic susceptibility. 
Faraday spent much time hanging samples 
of extremelv diverse materials between the 

The report by Stumpf et al. on page 447 
is an excellent example of the genre (3). 
The authors discuss their synthesis of a ma- 
terial, formed from perpendicular, inter- 
locking graphite-like networks of spin cen- 
ters, that exhibits bulk magnetization be- 
low 22.5 K. Given that so many conven- 
tional maenetic materials are available with - 

pole pieces of an electromagnet that he Curie temperatures (T,'s) far above room evaporation or spin-coating, that are familiar 
himself had made to detect differ- from polymer science. 
ences of behavior between, as he Could magnetization be associ- 
~ u t  it. "a ~ i e c e  of wood. or beef. or ated with other ~ r o ~ e r t i e s  found . . 
gpple obedient to or repelled by a 
magnet." 

. . 
exclusively in molecular assemblies 
such as mesomor~hism? For the - 

More recently, and more quanti- 
tatively, Pauling's seminal work of 
the 1930s on The Nature of the 
Chemical Bond ( 2 )  contained a 
lengthy section on "The Magnetic 
Criterion for Bond Type," and in 
the 1950s, the advent of ligand field 
theory made the measurement of 
bulk magnetic susceptibility respect- 
able as a way of learning about me- 
tal-ligand covalency and the symme- 
try of coordination around transi- 
tion metal ions. However, des~ite the 

time being, we do not know. A var- 
iant on molecular-based magnets is 
to enrobe clusters of inorganic ma- 
terial with an organic coating, on 
the way to mimicking biological ob- 
jects like ferritin or the small parti- 
cles of magnetic oxide used by bac- 
teria (or even pigeons) as a means 
of navigation. The figure shows 
such a recent system containing 19 
exchange-coupled Fe3+ centers (4). 

If all of the above are taken as 
good and sufficient reasons to trv to 

fact that bulk susceptibili& mea- 
sures just that-the reaction of the 
whole sample to an applied field- 
until recently, only a small mi- 
nority of chemists have interested 
themselves in the effects of in- 

- 
make molecular-based magnets, how 
should the job be tackled? The first 
point is that to make magnetic ma- 
terials that are not metallic conduc- 
tors, one can concentrate on design- - ing lattices in which the magnetic 

teraction between the neighboring Iron. une  approacn to tne SYntnesls 01 molecular magnets ,xihang, interactions that or&r the 
metal ions in an extended lattice. 1s to create h~droxo(oxo)~ol~iron complexes, as shown here. Iron localized moments are principally atoms, green; oxygen, red. [Reprinted from (4) with permission] 

the . .  . Stumpf eta,. (3) take another approach, namely the synthesis of a between nearest neighbors. Some- . . 
magnets, dominated by physics and threeldimensi&nal interlocking network of manganese-and copper times it may be necessary to think 
materials science. eoes on. as it has s ~ i n  carriers. about next-nearest neighbors and . "  - 
since the time of Faraday, in its pre- even, quite exceptionally, third- 
occupation with metals, objects that are temperature, not to mention high coercive nearest neighbors. Long-range exchange, of 
opaque, shiny, and go clang when they hit and remanent fields, it is worth asking why the RKKY type, for instance, which in- 
the floor. These materials do not over la^ so much effort is being devoted to the svn- volves conduction electrons, does not have 
much with the kind of compounds that thesis of substances wi;h Curie temperatires to be considered. From that' point, the op- 
chemists make in their flasks and beakers, of onlv 22.5 K. tions are easilv defined: Clearlv, one can trv , . 
you may think. Furthermore, the informa- o n e  reason, by no means to be ignored, to engineer near-neighbor ferromagnetic 
.tion-storage industry (which embraces audio is the sheer novelty of this approach to co- exchange, but exploiting ferromagnetism is 
tapes as well as more sophisticated hard operative magnetism. Making new molecu- also an attractive possibility. In the latter, 
disks) relies heavily on transition metal ox- lar architectures, tailored to have a specific the exchange interaction between dissimi- 
ides, whether simple binary ones like y-Fe,O, property, is very much a task for chemists. lar ions is antiferromagnetic, but because 
and CrO, or complex solid solutions based Another important feature characterizing they have different moments, there is a net 
on the eamet or ferrite structures. Still. all such nonconductine magnets is their trans- resultant moment. A third o ~ t i o n  is to " " 
the while, a small dedicated band of chemists parency, certainly not something normally make lattices containing antifekomagnetic 
has been trying to synthesize substances that associated with spontaneous magnetization. near-neighbor interactions of sufficiently 
have a bulk spontaneous magnetization. For example, magnets whose optical spectra low symmetry that the moments are not ex- 

consist of discrete absorption bands may actly antiparallel but make a small angle to 
change their transparency or birefringence one another, called canting. Then there re- 

The author is the director of the Royal Institution of 
Great Britain, 21 Albemarle Street, London WIX 4BS, quite dramatically when long-range spin mains a small, uncompensated component 
United Kingdom. correlations build up as a function of tem- giving what is called weak ferromagnetism. 
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All of these strategies have heen tried, 
and over the  last 1Q to 15 years, all have 
led to insulating magnetic compounds. T h e  
rules relating the  symmetry and occupation 
of orbitals o n  neighboring centers to  the  
sign of the  exchange interaction have been 
known for nearly 40 years under the  names 
of Kanamori and Goodenough (5), so that  
(for example) combinations of octahedrally 
coordinated Cr(II1) and Ni(I1) linked 
through a bridging ligand are invariably 
ferromagnetically coupled. 

Simaler ~redecessors of the  elaborate 
networks in the  compound reported o n  
Dage 447 13) were built from metal com- - 
plexes, with ambidentate ligands, that form 
bimetallic chain polymers (6). T h e  recipe 
is straightforu~ard: make a complex of metal 
A wit11 a ligand that  is capable of binding a 
second metal B o n  its back side. T h e  pol\-- 
mers have to  be built into three-dimen- 
sional arravs in  such a \vav that interactions 
between the  nearest ions o n  adjacent 
chains allow the  snins to  add and not sub- 
tract, a tricky problem to  which much ex- 
oerimental imagination has been devoted. " 

Transmission of the  interaction through 
bridging organic molecules has also been 
explored by the  construction of discrete 
dimers, blocking off further pol\-merization 
with capping ligands. Typical bridging 
ligands are oxalate, dit l~iooxalate,  and 
oxamate. Very large intramolecular ferro- 
magnetic exchange arises in dimers when a 
transition metal ion with a single d electron 
is combined with one containing a single 
hole in  a n  othern~ise filled il shell, specifi- 
cally VO" and Cu2+. T h a t  is because the  
sinele electron centered o n  the  V is in  a n  - 
orbital of xg type, whereas the  hole o n  the  
CLI 1s In a n  x'-\I' orbltal. 

This illustrates a n  important general 
recipe for ferromagnetic exchange, namely 
that tlie orbitals bearing the  moments must 
be orthogonal. Unfortunately, except in  
rather specialized cases, it has not  proved 
very easy to make networks obeying this 
principle, though one method that I used 
some 10 to  15 years ago exploits the  Jahn-  
Teller effect as a way of spatially ordering 
the  moments (7). T h a t  is why ferrimagnet- 
ism, based o n  taro different antiferromap- - 
netically coupled sublattices, is more com- 
monly used. T h e  biggest posslble saturation 
magnetizatlon occurs when the  two metal 
ions have as large a difference as possible i n  
spin quantum number. Among transition 

metal ions, that condition leads one to com- 
bine Cu2- (S = 112) with Mn'- (S = 512). 
Pursuing the  same line of thought further, 
several groups considered combinations of 
4f and 3d ions, the  former heing often Gdi+ 
(S = 712) (8). T h e  Achilles heel of that ap- 
proach, however, is the  small exchange 
constant resulting from small overlap be- 
ta7een well-shielded f and 3d orbitals. 

Although they are prepared from mo- 
lecular precursors, the  magnets discussed so 
far are not ,  strictly speaking, molecular 
themselves but are really aolvmeric. , L ,  

Examples of spontaneous magnetizatlon 
among truly molecular solids-that is, ones 

u ,  

in which the intermolecular contacts are 
all a t  van der Waals distances-are ex- 
tremely few and far between. T o  be precise, 
just one compound of this type has been 
~ ~ n c o v e r e d  and thoroughly investigated: 
{Fe[Cj(CH,)j],)(TCNE) (tetracyanoethyl- 
ene) ,  made by Miller and Epstein in the  
late 1980s (9) .  

This material has a chain structure based 
o n  alternating organometallic cations and 
T C N E  anions that come together plane-to- 
plane. Its T, is 4.8 K, and it has a relatively 
large coercive field of 1000 G. T h e  mecha- 
nism of spin alignment is almost certainly 
different than that in  coordination polymers, 
in  arhich superexchange provides the  ansn7er. 
T h e  most plausible explanation for the  fer- 
romagnetic sign was first proposed hack in  
the  1960s by McConnell  (10).  H e  sug- 
gested that if one of two alternating mo- 
lecular ions forming a chain had two mo- 
lecular orbitals of similar energy, the  transfer 
of an  electron from one ion to  the other 
would stabilize the arrangement with the - 
maximum numher of unpaired electrons. 
T h e  conditions for forming such a n  arrange- 
ment  must be extraordinarily demanding 
because Miller and hls colleaeues ST-nthe- - 
sized some dozens of salts closely related to 
{Fe[C j (CHi)  5]I}(TCNE) without finding any 
others that were ferromagnets. 

Apart from transition metal ions, an- 
other source of degenerate orbitals to test 
the  McConnell  mechanism would be a p 
system of a n  aromatic organic molecule 
with high symmetry. But unpaired p elec- 
trons in  organic chemistry usually go under 
the  name of free radicals because they are 
chemicallv verv reactive. Therefore, the  
first thing to  do  when trylng to  make purely 
organlc magnets is to shield the  unpaired 
electrons from the  outside world wit11 bulky 

substituents. In  that way, high-spin mole- 
cules have been t>ret>ared, although this is 

L L " 

only the  start: T h e  molecules must interact 
ferromagnetically with each other to  make 
a bulk material. I n  fact, t he  first hulk ferro- 
magnet containing only elements of the  
first short roar of the  periodic table is just 
about 2 years old (1 I ) ,  although a small 
family of related compounds is being built 
up quite rapidly. T h e  molecules in question 
are nitronvl nitroxides, each of n7hicli con-  
tains taro NO groups connected hy a single 
=CH-, carrying a single unpaired electron. 
Variation of the  suhstituents makes possible 
some crystal structure engineering leading to 
correlations between magnetic properties 
and molecular nacking. T h e  bad news is - 
that the  Curie temperatures are extremely 
low [the current record is only 1.48 K (12)l.  

There  is a long a7ay to go hefore we shall 
see molecular-based magnets turning up in  
audio tapes or storage disks. O n  the  other 
hand, the  efforts so far have turned up a lot 
of new chemistry and brought synthetic 
chemists into close contact with physics 
and materials science. I n  E u r o ~ e ,  the  latter 
is heing helped through funding by the  ELI- 
ropean Community under its Human Capi- 
tal and Mobility Programme, and a first 
workshop took place in Italy at the begin- 
ning of the month. Momentum in that part 
of the n~orld is heing matched in Japan and 
the  United States, showing that chemists are 
becoming enthusiastic about magnetism 
again. 
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