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A small number of crystal lattices has been particu- 
larly important in the history of magnetic and other 
solid state investigati0ns.l There is the cubic perovskite 
lattice, for example, noted for the isotropic compounds 
KNiF3 and RbMnF3, as well as the tetragonal lattice 
of KzNiF4; these particular structures have been im- 
portant because they provide excellent examples of 
simple cubic (s.c.) and of 2-dimensional (2-D) antifer- 
romagnets, respectively. The rutile structure (of MnFz, 
FeF,, etc.) forms another well-known crystal matrix for 
magnetic model systems. The series of compounds 
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(CnH2n+lNH3)2MC14 (n = 1,2 ...; M = Mn2+, Cu2+, Fez+) 
has yielded highly ideal 2-D magnetic systems, and in 
addition is intensively studied because of the interesting 
structural phase transitions that occur in these mate- 
rials. The antifluorite structure exhibited by such 
substances as KzReCI, has also been studied extensively 
for the structural phase transitions which these com- 
pounds undergo. Finally, the family of AMX3 com- 
pounds, e.g., CsNiF, RbFeCl,, [(CH3)4N]MnC13, as well 
as the MClZ(py), series where M2+ is a 3d metal ion, 
have provided us with excellent examples of quasi- 
one-dimensional magnetic systems. 

In the last few years we have been involved in a fairly 
extensive series of investigations on a new lattice system 
which has furnished in its own way a striking series of 
magnetic model systems of great diversity and novelty. 
The compounds are of the divalent iron series ions with 
the ligand pyridine N-oxide, C5H5N0. They are of the 
stoichiometry [M(C5H5N0)6]X2, where M may be 
manganese, iron, cobalt, nickel, copper, or zinc, and the 
anion X- may be perchlorate, fluoborate, nitrate, bro- 
mate, or iodide. Donation by the pyridine N-oxide 
always occurs through the oxygen, and the molecule 
generally functions as a simple, monodentate ligand; 
there are in addition some compounds, especially with 
copper(II), in which the ligand forms a bridge between 
two metal ions. One of the notable chemical features 
of the ligand is that it tends to form complexes with the 
maximum coordination number of the particular metal, 
especially in the presence of weakly coordinating anions 
such as perchlorate or fluoborate. Several other com- 
pounds have been studied which involve a substituted 
pyridine N-oxide. This is found to change the crystal 
lattice structure profoundly, which is accompanied in 
turn by dramatic changes in the magnetic properties. 

In this article, we review a number of the physical 
investigations on some of the pyridine N-oxide com- 
plexes, paying particular attention to the magnetic or- 
dering phenomena which have been observed at low 
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the temperature region of interest, leaving the magnetic 
contribution to be measured directly. The loy strengths 
of the antiferromagnetic exchange interactions in these 
materials allow field-dependent studies in easily ac- 
cessible low fields (1-10 tesla). 

2. All the compounds are isomorphous and belong 
to the same rhombohedral space group. 

3. The compounds all have nearly equal unit cell 
lattice dimensions, and often are mutually miscible over 
all concentration ranges. 

Of the novel magnetic phenomena encountered we 
mention in particular the first examples of the simple 
cubic XY model of magnetism, found in the cobalt(I1) 
compounds, the field-induced magnetic ordering phe- 
nomena in S = 1 singlet-ground-state systems observed 
in the nickel compounds, and the ferro- and antiferro- 
distortive cooperative Jahn-Teller ordering in the 
copper compounds. The latter yield in fact the first 
experimental example of the 2-D Heisenberg antifer- 
romagnet with spin S = 1/2. Furthermore, the iron(I1) 
compounds provide excellent examples of the Ising 
model in three spatial dimensions. 

The isomorphic nature and mutual miscibility of 
these materials is another point of interest for the ex- 
perimental physicist. This is because the compounds 
provide a crystalline matrix at the lattice nodes of which 
one may place, e.g., a random mixture of magnetic and 
nonmagnetic atoms, or equivalently of magnetic atoms 
of a different kind. The former case corresponds to the 
magnetic dilution problem, which in turn is one of the 
clearest and experimentally most accessible examples 
of the percolation problem. In a diluted magnet the 
infinite magnetic cluster present above the percolation 
limit is a self-similar fractal ~ b j e c t . ~  That is, it looks 
the same at each of several different magnifications. Its 
realization in a magnetic system has the advantage that 
the multitude of macroscopic and microscopic experi- 
mental probes available in magnetism can be applied 
to study its properties. Thus, in the experiments to be 
described below, it could be shown that, close to the 
percolation limit, the infinite cluster has the topology 
of a one-dimensional chain. 

In the case of mixtures of different magnetic atoms, 
on the other hand, one may study such problems as the 
random anisotropy magnet, the competing-anisotropy 
problem, or the random-exchange problem. All these 
problems are of current theoretical interest, whereas 
their experimental study has until now been severely 
hampered by the lack of suitable materials. 

We mention finally the random-field problem, which 
was one of the main topics a t  the last International 
Conference on Magnetism (San Francisco, August, 
1985). In this problem the response of an antiferro- 
magnetic system with (magnetic or nonmagnetic) im- 
purities to an applied magnetic field yields new critical 
phenomena of physical interest. Here again the present 
series of compounds offers enormous possibilities for 
experimental studies, an obvious advantage being the 
fact, already mentioned, that the antiferromagnetic 
exchange interactions are relatively weak (lJ/ksl N 

0.1-1 K), so that small magnetic fields (-0.01-1 tesla) 
may already produce the desired effects. 

We hope to show in this review why and how this 
class of coordination compounds is of such potential 
value for the study of magnetic ordering phenomena of 
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temperatures. The [M(C&NO),]X, series of com- 
pounds has proved to be a rich source of information 
on some novel magnetic phenomena of fundamental 
interest to physics and magnetochemistry. I t  is also 
true that the investigations on these materials to date 
are limited by and large to structural crystallography, 
EPR studies, and magnetic susceptibility and specific 
heat measurements. Field-dependent studies, neutron 
scattering, NMR, and a variety of other measurements 
remain to be carried out. From the point of view of the 
rapidly developing field of magnetochemistry, these 
compounds provide some nice examples of magneto- 
structural correlations? 

The principal structural features of this system are 
the following: 

1. The metal ions are 9.5 A or more apart. This 
forces all observable cooperative magnetic phenomena 
to Occur in the temperature interval below 1 K. This 
in fact turns out to be advantageous for then, for ex- 
ample, the lattice specific heat is essentially zero over 
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a great diversity. In this sense we are convinced that 
our own investigations should be considered only as a 
preliminary survey, and that these materials (which are 
relatively easy to prepare) can be of value to other 
workers as well. Another aim of this review is to dem- 
onstrate that the field of coordination chemistry pro- 
vides an extremely rich potential source for new and 
interesting materials for the solid state physicist in 
general. This is a field that is presently left almost 
unexplored in terms of physical investigations. Thus 
we hope that our work will inspire other physicists and 
chemists to join in the attempt to extend the domains 
of solid state physics and chemistry to this particular 
discipline. Clearly, it is precisely the formation of in- 
terdisciplinary research groups that can further our 
knowledge here most rapidly and effectively. 
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I I .  Synthesis, Crystallography, and 
Superexchange Paths 

The synthesis of [M(C5H5NO),]X2, where M is an 
iron-series ion and X may be perchlorate, nitrate, 
fluoborate, iodide, or bromate, is generally straight- 
forward. The original method4 was simply to mix a 
methanolic solution of the hydrated metal perchlorate 
with another of the ligand. The complex precipitates 
and it may be redissolved for slow crystal growth. 
Depending on the particular salt, a number of other 
organic solvents such as dimethylformamide (DMF) 
have been used for growing single crystals. Some cau- 
tion is necessary here, for it has been claimed5*, that, 
a t  least with copper, some of the C5H5N0 ligand is 
replaced in the lattice by molecules of the solvent. 

The great interest for magnetic investigations of these 
materials can be attributed to the crystallographic 
simplicity of their structure observed, e.g., in the si- 
multaneous X-ray investigations of [Ni(C,H,NO),] (B- 
F4)2y7 [Mn(C5H6N0)61(C104)2,* and [Co(C&J‘JO),I- 
(c104)2.9 It was discovered that these materials, which 
are all isomorphous, belong to the rhombohedral space 
group R3 and have but one molecule in the unit cell. 
The high symmetry of the lattice of magnetic ions al- 
lows a comparison of the magnetic properties with 
theories for simple magnetic model systems, as have 
been extensively developed in the last 10 or 20 years 
within the theory of phase transitions and critical 
phenomena.1° 

There is now available crystallographic information 
on 18 salts of the formula [M(C5H5N0),]X2 and these 
are listed in Table I. Some of the characterizations 
have been done by means of X-ray powder patterns, but 
at  least 13 of the substances have been subjected to 
complete single-crystal structure analysis. There is 
agreement that every single example is isomorphous 
with all the others; many in fact are isostructural. This 
is rather remarkable when one considers the variety of 
both metal ion and counter ion. This is perhaps the 
largest series of isomorphous metal complexes extant. 

A [OOl] projection of one layer of the unit cell of 
[Co(C5H5NO),] (C104)2 is illustrated in Figure la. The 
crystallographically imposed 8 6  point symmetry of the 
cation is obvious. Within experimental error, the COO, 
grouping has been found to be perfectly octahedral at  
room temperature; this is true as well of all the other 
crystals investigated, even those of the Jahn-Teller ion, 
copper! The Co-O-N angle is about 120°, which allows 
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Figure 1. (a) A projection along the c axis of one la er of the 
hexagonal unit cell of [CO(C~H~NO)B](C~~~)~. The C O ~  ions are 
on the corners (large open circles) and are octahedrally surrounded 
by the oxygens (filled circles) belonging to the NO groups (rings 
of small open circles). The Clod- ions fill in the trigonal holes 
between the [ C O ( C ~ H ~ N ~ ) ~ ] ~ +  cations within each layer, and are 
composed of chlorine atoms (open circles) that are tetrahedrally 
surrounded by oxygen atoms (filled circles). It is noted that the 
Co2+ ions shown are next nearest magnetic neighbors to one 
another. (b) The rhombohedral cell formed by the Co2+ ions. (c) 
The superexchange path connecting Co2+ ions that are nearest 
magnetic neighbors. (d) Chemical structure of the CsHsNO ring. 
(e) Bond lengths and bond angles in the nearest-neighbor su- 
perexchange path shown in Figure IC. Reproduced with per- 
mission from ref 20. Copyright 1976 Elsevier, Amsterdam. 

the pyridine rings to bend out of the way and thereby 
provide an oxygen-oxygen superexchange path between 
adjoining metal ions. The perchlorate anions fill the 
trigonal holes between the cations. 

The packing of the molecules in the lattice is inter- 
mediate between simple cubic (rhombohedral angle a 
= 90’) and face-centered cubic (a = 60°), since a is 
typically found as about 81°, a value quite close to that 
of the ideal simple cubic cell. The rhombohedral unit 
cell formed by the metal atoms is depicted in Figure lb. 
With regard to the superexchange paths connecting the 
cobalt (or other metal) ions, as shown in Figure 1, parts 
c and d, a reference Co2+ ion is connected to its six 
nearest magnetic neighbors (at a distance of N 9.6 A) 
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TABLE I. Rhombohedral Cell Constants of 
[M(C&H~"IX* 

comDd a. A a. dee V. A3 ref 
9.72 
9.69 
9.61 
9.68 
9.640 
9.61 
9.63 
9.617 
9.619 
9.49 
9.489 
9.563 
9.579 
9.60 
9.486 
9.513 
9.60 
9.621 
9.63 
9.620 
9.605 
9.504 
9.632 
9.621 
9.65 
9.76 

" Complete structure analysis. 

81.3 
81.1 
81.3 
81.2 
81.06 
81.5 
81.2 
81.16 
81.19 
83.3 
83.41 
82.46 
81.36 
81.1 
83.26 
84.58 
81.5 
81.46 
81.1 
81.21 
81.10 
83.41 
81.07 
81.25 
81.4 
81.1 

888 
870 

878 
866.3 
861 
864 

861.3 

839 

851.7 
856 
837 
850 
858 
864 
865 
86 2 
857.1 
843 
864 
862 
870 
898 

11 
11 
8 
11 
12" 
11 
11 
9" 
1 2" 
13 
14" 
15 
7, 11" 
11 
16" 
17" 
11 
1 8" 
11 
18" 
12" 
1 4" 
18" 
1 8" 
11 
11 

by equivalent superexchange paths, consisting of a 
nearly collinear Co-0---0-Co bond, in which the 
Co-0 and the 0---0 distances are about 2.1 and 5.6 
A, respectively. Since the pyridine rings are diverted 
away from this bond, one expects the superexchange 
to result from a direct overlap of the oxygen wave 
functions. From the fact that the superexchange 
pathway is nearly linear, the magnetic interactions can 
be expected to be antiferr~magnetic,'~ as is indeed 
found in all the investigated compounds. 

Next-nearest-neighbor (nnn) interactions are ex- 
pected to be much less important," since the nnn metal 
atoms are very much further apart and are connected 
by much less favorable exchange paths. Furthermore, 
due to the nearly cubic symmetry, the (long-range) 
dipolar interactions are negligible as compared to the 
magnetic exchange interactions, small as these may be. 
This has been confirmed by numerical calculations and 
experiment. Thus, since each metal ion is connected 
equivalently to its six nearest magnetic neighbors only, 
and in a lattice of nearly simple cubic symmetry, the- 
oretical predictions based upon the simple cubic (s.c.) 
magnetic lattice should be applicable to a very high 
degree of approximation. 

In this respect we may add that the perchlorate or 
other counter ions are found to have only a minor in- 
fluence on the magnetic exchange interaction. This is 
to be expected since any such superexchange path 
would involve at least one additional oxygen atom from 
the perchlorate in addition to the two oxygens from 
C5H5N0 groups. 

ZZZ. Crystal-Field Effects and Paramagnetic 
Behavlor 

A decisive factor in determining the energy level 
structure of the electronic spins of the complexes with 
C5H5N0 is the large crystal field or single-ion anisot- 
ropies which are encountered. This was recognized 

TABLE 11. Representative Single-Ion Magnetic 
Parameters 

compd gll g, D / ~ B ,  K S ref 
[Mn(C5H5NO)6](C104)2 2.002 2.002 0.054 5/2 8 

[ C O ( C ~ H ~ N O ) ~ J ( C ~ O ~ ) ~  2.26 4.77 112 26 
[CO(C,H~NO),J(NO~)~ 2.27 4.83 112 13 
[Ni(C5HSNO)6](C104)z 2.32 2.33 6.26 1 27 
[Ni(C,H5NO)6](N03)2 2.25 2.29 5.69 1 16 

[Fe(C5H5NO)61(C104)z 9.0 0.6 112 22-25 

from magnetic data long before the crystal structure 
analyses were reported, and was at the time assumed 
to be due to gross geometric distortions. However the 
latter h'as not proved to be true (because of the perfectly 
octahedral geometry of the [M(C5H5NO)6]2+ cation), so 
that an explanation has to be sought elsewhere. A likely 
explanation involves the orientation of the C5H5N-0 
grouping relative to the threefold axis of the ~ a t i o n . ~  
Thus, even though the octahedron around the metal ion 
formed by the oxygens of the ligands is perfectly cubic, 
the pyridine rings attached to the oxygen atoms render 
the symmetry of the molecule as a whole to be trigonal. 
From molecular orbital calculations,21 it can be shown 
that this results in a trigonal component of the crystal 
field acting on the metal ions that may constitute a 
significant deviation from pure cubic symmetry. 

A selection of data obtained for the single-ion an- 
isotropies is listed in Table 11; with the exception of the 
manganese data, all the results are derived from mea- 
surements at low temperatures and refer only to the 
isolated ground state of the system. These crystal-field 
anisotropies are quite large; for example, the zero-field 
splittings in the nickel salts, as given by the D / k B  
values, are among the largest yet measured. The strong 
crystal-field effects are reflected, for the iron and cobalt 
salts, in the large anistropies in the g-values appropriate 
to the low-lying ground doublets, with effective spin S 
= 1/2. As will be shown below, these crystal-field an- 
isotropies play a decisive role in the type of magnetic 
ordering phenomena these systems undergo. 
Throughout this paper, "parallel" and "perpendicular'' 
refer to orientations with respect to the e-axis of the 
rhombohedral unit cell. 

Consider, for example, the Fe2+ ion in [Fe(C5H5N- 
O)6](C104)2.22 In a cubic field the Fe2+ ion (3d6; L = 2, 
S = 2) has the r5 triplet as the lowest orbital level, 
which is split into a doublet and a singlet by a trigonal 
distortion. The crystal-field distortion is so large, as 
measured by Mossbauer s p e c t r o ~ c o p y , ~ ~ - ~ ~  that an iso- 
lated spin-orbit doublet is found as the ground state. 
The nearest level is at 170 K above the ground doublet. 
At  temperatures relevant to the magnetic ordering 
(below 1 K) only the ground-state doublet will be ap- 
preciably populated, and we may treat this system 
within the effective spin S = ' /2 formalism. The ex- 
perimental g values are gl - 9.0 and g, = 0.5. As will 
be explained in section Id,ihis large anisotropy makes 
the iron(I1) compounds of the series excellent examples 
of the S = 

The situation with nickel(I1) is simpler. Octahedrally 
coordinated nickel (3d8; L = 3, S = 1) always has the 
orbital singlet 3A2 as the ground state, which is well- 
isolated (typically by at least 8000 cm-') from the 
nearest excited orbital level, and which has a 3-fold spin 
degeneracy. So, the magnetochemistry of nickel(I1) is 
governed by the isolated state, which is described 
in terms of its lm8) = 1*1) and 10) components. 

simple cubic Ising antiferromagnet. 
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Figure 2. The lowest energy levels of Ni(I1) in axial crystalline 
fields as a function of external magnetic field paral.le1 (a) and 
perpendicular (b) to the principal molecular magnetic axes. (c) 
The hypothetical phase diagram for a system with large zero-field 
splitting. 
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Figure 3. Isothermal susceptibilities of [Ni(C5H5N0)6](N03)2. 
Points are experimental (0 perpendicular; 0 parallel) and fitted 
curves are described in the text. Reproduced with permission 
from ref 16. Copyright 1979 Physics Trust Publications. 

The spin-Hamiltonian for trigonally distorted, six- 
coordinate nickel(I1) may thus be written as (S = 1) 

H = D[S: - (1/3)S(S + I)] + gpBfi*g (I.) 

In zero external field, the first term in eq 1 causes the 
degenerate m, = fl states to separate an amount D in 
energy from the nondegenerate m, = 0 state. If the 
parameter D is positive the doublet level lies above the 
singlet, as illustrated in Figure 2. All of the [Ni- 
(C5H5N0)6]X2 salts studied to date have a positive 
D/kB, of magnitude 5 to 6 K. The quantity kB is the 
Boltzmann constant, and p B  is the Bohr magneton. 

The energy levels and crystal field susceptibilities 
arising from Hamiltonian eq 1 may easily be calculated; 
the paramagnetic susceptibilities are found to be 

XII  = (2Ng~l'PB2/~BT) exP(-D/kBT) 

X [ l  -k 2 eXp(-D/k,T)]-' (2) 

x [ l  + 2 exp(-D/kBT)]-l (3) 
where N is Avogadro's number. 

A representative data set,', for [Ni(C5H5NO),](N03),, 
is illustrated in Figure 3. The parameters resulting 
from the analysis are gll = 2.25 f 0.02, g, = 2.29 f 0.02, 
and D/kB = 5.69 f 0.05 K. The g-values are typical, 
but the zero-field splitting (ZFS) is unusually large for 
nickel(I1). The large ZFS explains why EPR has never 
been observed with these salts, even at  4.2 K. We note 
that in fitting the data in Figure 3, a correction has been 
applied for the presence of interactions between the 
magnetic ions. 

As will be further discussed below, due to the large 
value of D/kB, the magnetic exchange interactions (J) 
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where xi are the crystal-field susceptibilities and z = 
6 is the number of nearest magnetic neighbors. It is this 
molecular-field relationship that has been used to fit 
the data displayed in Figure 3. The exchange param- 
eter d / k B  was found to be -1.5 f 0.3 K. Similar results 
were obtained for the per~hlorate?~ while [Ni(C5H5N- 
O),] (Br03)~ displays17 crystal-field parameters that are 
quite similar but z J / k ~  is only -0.10 f 0.05 K in this 
case. 

The specific heat results confirm this analysis. The 
zero-field specific heat data% for [Ni(C5H5NO),] (C104)' 
are shown in Figure 4, along with a fitted curve calcu- 
lated according to the sum of a Schottky term (C,) and 
a lattice contribution (CJ. For T < 10 K the asymptotic 
Debye behavior for the phonon term is found as Cl/NkB 
= UP with a N 2.5 X K-3. Neglecting exchange, 
the Schottky term for the singlet-doublet system is 
given by 
c,/NkB = 

2 ( 0 / k ~ T ) '  eXp(-D/kBT)[l 2 exp(-D/k~T)]-' ( 5 )  

(for D > 0). From the fit the singlet-doublet separation 
is found as D/kB = 6.3 f 0.2 K, in reasonable accord 
with the zero-field susceptibility analysis. 



664 Chemical Reviews, 1986, Voi. 86, No. 4 Carlin and de Jongh 

1 .o 

0.8 

2.17 -1 
0.4 

0.2 

A H ( k O e )  

0 
0 40 80 120 140 

Figure 5. Magnetization curves of [Ni(C,H~O),](ClO,),. Solid 
curves give the calculated isothermal behavior. Reproduced with 
permission from ref 29. Copyright 1977 Elsevier, Amsterdam. 

There is a highly interesting physical phenomenon 
associated with the fact that the crystallographic and 
magnetic structure of the [Ni(C5H5NO)6]X2 salts leads 
to subcritical exchange interactions z J / k B  of the order 
of magnitude given above. Since all Ni2+ ions are 
equivalent in these rhombohedral crystals, the appli- 
cation of an external field of sufficient magnitude 
parallel to the symmetry ( 2 )  axis should produce a 
crossing of the singlet level by the lower doublet level, 
yielding in turn a magnetic ground state (see Figure 2). 
From D/kB = 5 K, one estimates this field to be Hk N 

50 kOe. The magnetization data on [Ni(C5H5N0)6]- 
(ClO4I2 (Figure 5) nicely confiim this picture.% Again, 
the data may be fitted with the singlet-doublet model 
with subcritical exchange interactions, yielding g,, = 

consistent with the other determinations. We stress 
that this entire discussion concerns the paramagnetic 
behavior of the system. However, since for H = Hk the 
system has been brought into a magnetic ground state, 
it follows that the "subcritical" exchange interaction 
may then become effective and produce a magnetic 
ordering at  sufficiently low temperatures. Indeed, such 
field-induced ordering phenomena have been observed 
in this material (at T < 0.8 K), as will be discussed in 
section VD. Also in the other Ni2+-C5H5N0 com- 
pounds, similar phenomena have been observed, as has 
recently been discussed elsewhere.30 

Manganese(I1) (3d5; L = 0; S = 5/2) also exhibits a 
relatively large ZFS ( D / k B  N 0.05 K) in the [Mn- 
(C5H5NO)B]X2 series. Some of the data are listed in 
Table 11, and the results are best discussed in the sec- 
tion on magnetic ordering. The epr spectrum of man- 
ganese doped into the related molecule [Zn(y- 
CH3-C5H4NO),] (C104)2 has also been reported.31 The 
zero-field splitting parameter D = 0.063 cm-l, and X = 
E / D  = 0.06, where E is the rhombic crystal-field term. 

Let us turn next to the cobalt compounds, which also 
show highly interesting magnetic properties. For co- 
balt(I1) (3d7; L = 3; S = 3/2) in octahedral surroundings 
the ground state is the orbital triplet 4T1, with 4-fold 
spin degeneracy. The spin-orbit coupling constant is 
large, X = -180 cm-l in the free ion, and so the resolu- 
tion of the degeneracy of the ground state into six 
widely spaced Kramers doublets by the combined ef- 
fects of spin-orbit coupling and an axial crystal-field 
term is an important feature of the electronic structure 
of this ion. One and the same doublet remains lowest 
in energy, regardless of the sign and magnitude of the 
axial crystal-field term, the nearest excited level being 

2.32, D/kB = 6.5 f 0.1 K, and zJ/kB = -1.35 f 0.1 K, 

TABLE 111. Experimental Parameters for 
~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ l ~ ~ ~ o ~ ~ ~ n  

(a) From EPR 
gli = 2.26 f 0.01 
g, = 4.77 f 0.01 
A = (1.86 f 0.01) X cm-' 
B = (3.84 f 0.01) X loe3 cm-' 

g,, = 2.49 f 0.05 
g, = 4.70 f 0.05 

(b) From Susceptibility 

e,, = -0.28 f 0.05 K 
e, = -0.52 f 0.05 K 
TIP,, = (1.1 f 0.7) X 
TIP, = (2.4 f 0.7) X 

'Reproduced with permission from ref 26. 

emu mol-' 
emu mol-' 

Copyright 1976, 
American Chemical Society. A and B are the nuclear hyperfine 
splitting parameters, the e's are the Weiss constants, and TIP is 
temperature-independent paramagnetism. For [Co(C5H5NO),] (N- 
O&, the susceptibility parameters are, from ref 13, g,, = 2.27 f 

TIP(I1) = 0.006 emu/mol and TIP(I)  = 0.037 emu/mol. 
0.05, g = 4.83 f 0.05, e,, = 0.0 f 0.05 K, el = -0.61 f 0.05 K, 

at least 100 cm-' higher in energy. At temperatures at 
which only the ground level is appreciably populated 
(T < 50 K) this system may be described by an effective 
spin S = 1/2. The orbital contribution of the nearby 
components of the 4T1(F) state causes the ground 
doublet in the weak cubic field limit to have an isotropic 
g = 4.333 but large anisotropy in the g values is ex- 
pected as the crystal field becomes of symmetry lower 
than cubic. The three orthogonal g values are then 
expected to sum in first order to the value of 13. De- 
pending on the sign of the axial distortion one can have 
either g,, >> g, or g, >> gll. 

For eo2+ doped into [Zn(C5H5N0)6](C104)2, gll = 2.26 
f 0.01 and g, = 4.77 f 0.01 have been reported;26 see 
Table 111. The energy difference between the ground 
state doublet and the next higher doublet was estimated 
to be of the same order as A, so that it will amount to 
about 200 K. This warrants the applicability of the S 
= l/z formalism to the magnetic behavior of the [Co- 
(C5H5N0)6]X2 compounds in the liquid 4He tempera- 
ture range, as will be explained below. 

The fairly uncommon anisotropy observed in the 
g-values, namely g, >> g,,, has important implications 
for the magnetic ordering phenomena displayed by 
these compounds.20 As explained below, for such a kind 
of anisotropy the magnetic interaction approximates 
that considered in the XY model of magnetism. In fact, 
these materials were the first examples discovered of 
the simple cubic, XY model of magnetism. 

The general subject of zero-field splittings and the 
ways that they control magnetic ordering phenomena 
have recently been reviewed.30 

Finally, the last ion to be discussed here is copper(I1) 
(3d9; L = 2, S = l / J ,  which is a well-known Jahn-Teller 
ion. In this respect it is surprising that the [Cu- 
( C ~ H ~ N O ) ~ ] X Z  salts are isomorphous with those of the 
other metal ions, and that the [ C U ( C ~ H ~ N O ) ~ ] ~ +  ion is 
only slightly distorted from regular octahedral sym- 
metry. However, this is based on crystallographic 
measurements at room temperature; at lower temper- 
atures, Jahn-Teller distortions do set in, as will be 
discussed in section VE. 

At  room temperature, the copper ions behave in the 
usual fashion as paramagnetic S = l/z ions with g 
slightly greater than 2. A selection of EPR data is 
presented in Table IV. Differences among the spectra 
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TABLE IV. Summary of ESR Data for [CU(C,H,NO)~]X~ 
ref compd R, g.J R. 
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O'ConnorB Cuz+. g, = gll = 
ZnL6(C104)2 2.17 (2) 2.20 (2) 

ZnL6(C104)z 
Wood32 Cu2+. 2.092 2.099 2.392 

have been d i s c ~ s s e d ; ~ ~ ~ ~ ~  in certain cases, solvent may 
be included in the coordination ~ p h e r e . ~ ~ ~  

I V .  Magnetic Models' v30 i34-38 

As already mentioned above, the pyridine N-oxide 
compounds are rather unique in that they provide a 
series of excellent examples of magnetic model systems 
that had previously not been studied experimentally. 
In order to illustrate this, we must first present a brief 
overview of magnetic model systems, since this is in- 
dispensable for an understanding of what follows. 

Magnetic model systems can be divided according to 
the type of interaction between the magnetic moments, 
the lattice formed by the moments, the value of the 
spin, and so on. The interactions may be long-range 
as for the dipolar interaction (which falls off as r-3), or 
short-range, as for the superexchange interaction which 
depends exponentially on the mutual separation of the 
ions. The magnetic lattice formed by the moments may 
be 1-, 2-, or 3-dimensional (chains, layers or cubic). In 
practice, 1- or 2-D lattices may be approximated in 
compounds where the exchange is very weak in 2 or 1 
spatial directions, for instance when the magnetic ions 
are much farther apart along those directions. Fur- 
thermore, the interaction between nearest magnetic 
neighbors (on an arbitrary lattice) can be isotropic or 
anisotropic. In the simplest case we may describe the 
anisotropic interactions between nearest-neighbor ions 
i and j by means of the uniaxially symmetric Hamil- 
tonian 

H = - 2 C ( J , y ( S i $ p  + S i y s j y )  + JzS,s,z) (6) 
i j  

where the limiting cases Jxy = J,, J, = 0, and Jxy = 0 
correspond with the Heisenberg, XY, and Ising models, 
respectively. In practice, for 3d metal compounds an 
anisotropy in the interaction arises in most cases from 
crystal field effects through the spin-orbit coupling. 
Consequently, ions with zero (Mn2+) or quenched or- 
bital moments (Ni2+, Cu2+) are often good approxima- 
tions of the Heisenberg model, whereas Fe2+ and Co2+ 
compounds may provide examples of either the Ising 
or the XY models, depending on the sign and type of 
the deviations from cubic crystal field anisotropy of the 
metal ion. 

In this respect it is of interest to mention that our 
studies of the magnetic ordering phenomena in the 
C5H5N0 compounds were started more than a decade 
ago with the aim of finding experimental approxima- 
tions of the XY model for which no good examples were 
known at the time. From EPR studies, the anisotropy 
in the g-tensor for the lowest Kramers doublet in the 
[ C O ( C ~ H ~ N O ) ~ ] ~ +  salts had been determined, and 
pointed to the result that g,, >> g,. Since it can easily 
be shown that the anisotropy in the interaction between 
the effective spins S = for the doublet will be given 
by Jxy/  J ,  (9,,/gJ2, it seemed worthwhile to look for 
magnetic ordering at low temperatures in these mate- 
rials. At  the time it was by no means certain whether 

TABLE V. Transition Temperatures T, and 
Antiferromagnetic Exchange Constants J / k B  of the 
Compounds Which Have Been Found To Become 
Magnetically Ordered 

comDd J l k , .  K 2'". K ref 
0.006 
0.32 
0.20 
0.174 
0.220 
0.243 
0.2 
0.2 
1.02' 
1.10d 

0.158 
0.719 
0.428 
0.357 
0.458 
0.500 
0.75O 
0.89b 
0.142 
0.62 

39 
22 
20 
20 
15 
15 
40,41 
42 
33 
33 

In an applied field of 48 kOe. 
Linear-chain value; see section VE. 

In an applied field of 42 kOe. 
Quadratic plane value; see 

section VE. 

the exchange interaction in such a dilute lattice would 
be sufficiently strong to yield magnetic ordering phe- 
nomena in the (reasonably) accessible temperature 
range T > 0.1 K. 

The observed values for the magnetic transition 
temperatures and exchange constants are compiled in 
Table V. Indeed, the cobalt salts proved to be excellent 
examples of the S = l j 2 ,  XY antiferromagnet. Fur- 
thermore, it can be shown that the same crystal field 
symmetry that leads to g,, being much larger than g, 
for the cobalt ion will leave a low-lying Ising doublet 
with gll >> g, as the ground state for Fe2+. Accordingly, 
the Fe2+ compound shows a magnetic behavior well- 
described by the s . ~ .  Ising, S = model. As already 
mentioned, for Ni2+ the same crystal-field symmetry 
splits the S = 1 triplet state into a lower orbital singlet 
and an upper doublet. In the [Ni(C5H5N0)6]2+ salts the 
singlet-doublet splitting is large compared to the ex- 
change, so that magnetic ordering can only occur in an 
applied field sufficiently strong to produce a (near) 
crossing of a doublet level with the ground singlet. Prior 
to our work, field-induced magnetic ordering phenom- 
ena in such a singlet-ground-state system had not been 
studied experimentally due to the lack of suitable ma- 
terials. So also in this case the pyridine N-oxide com- 
pounds have provided a first example. 

Lastly, the Cu-C5H5N0 compounds were found to 
show low-dimensional magnetic behavior. The per- 
chlorate salt was found to behave as an antiferromag- 
netic S = 1/2 Heisenberg chain, whereas the fluoborate 
salt proved to be the first example of an antiferro- 
magnetic Heisenberg quadratic layer with a spin value 
as low as S = 1/2. In these compounds the low-di- 
mensional properties are found to be due to a lack of 
overlap of the Cu2+ d orbitals in 1 or 2 crystallographic 
directions. This is a consequence of the cooperative 
Jahn-Teller ordering of the octahedra around the 
copper ions, which ordering is ferro- and antiferro- 
distortive, respectively, for [Cu(C5H,NO),](BF,), and 
[ C U ( C ~ H ~ N ~ ) ~ ] ( C ~ ~ ~ ) ~ .  A similar antiferro-distortive 
ordering of the fluorine octahedra has been shown in 
fact to produce 1-d antiferromagnetic behavior in 
KCuF3, which belongs to the series of cubic perovskite 
compounds AMF3. 

Thus, the magnetic investigations of these materials 
have revealed a variety of quite interesting and often 
new phenomena, which we shall now separately discuss 
more extensively. 
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TABLER VI. Critical Thermodynamic Parameters for the S = '/z S.C. Magnetic Models Compared with the Experimental 
Values. The quantities S, and S o  Correspond to the Entropy at T = m and T = T,, Respectively, Whereas Eo and E ,  Denote 
the Magnetic Energy at T = 0 and at T = T, 

kBTc/ IJI  ScIR (8, - S,)/R -EcIRTc -EoIRTc 
Heisenberg (ferromagnetic) 1.68 0.43 0.26 0.60 0.89 
XY 2.02 (2) 0.44 (2) 0.25 (1) 0.45 (1) 0.78 
Ising 2.255 0.558 0.135 0.220 0.665 
[Co(C5H5NO)d (BFA 1.98 (4) 0.45 (2) 0.25 (1) 0.47 (2) 0.81 (3) 
[CO(C~H~NO)GI (C1OJ2 2.02 (4) 0.47 (2) 0.24 (1) 0.43 (2) 0.79 (3) 
[CO(C&NOhI(NOJz 0.44 (2) 0.25 (1) 0.45 
[Co(C5HdO)elIz 0.42 (2) 0.26 (1) 0.47 
[Fe(C5H5NO),I (Clod2 0.55 0.19 0.335 0.434 

V. Magnetlc Ordering 

The [M(C5H5NO),]X2 compounds known to date 
which undergo magnetic ordering in one fashion or 
another are listed in Table V. This table must be used 
judiciously because it is the different ways in which 
these materials order which is of so much interest. 

A particular advantage in studying these systems is 
that the magnetic ordering generally occurs below 1 K. 
Thus, specific heat studies could be advantageously 
exploited43 in elucidating many of these phenomena, 
because the lattice contribution is so small (cf. Figures 
4 and 24). For temperatures below 10 K, the phonon 
specific heat has been found to be well-approximated 
by the term C1,/NlzB = a P ,  with a N 2.5 X K-3 
for all of the compounds. Thus, the data measured 
below 1 K can be ascribed to the magnetic specific heat. 
(At very low temperatures, additional small nuclear 
hyperfine contributions have been observed with several 
of the compounds.) 

We now discuss each of these systems in turn, ac- 
cording to the metal ion. 

A. Manganese( I I )  

Magnetic ordering occurs at  0.158 K in [Mn(C5H5N- 
o)6](BF4)2, the only manganese salt in this series yet 
examined at  low  temperature^.^' The analysis of the 
specific heat in terms of a magnetic model system is 
difficult, because the exchange interaction, zero-field 
splitting and nuclear hyperfine coupling are all com- 
parable in magnitude. The relatively large ZFS of 410 
Oe (54 mK) is evident in the EPR spectrum.8 It has 
been estimated that the total splitting of the 
ground-state electronic and nuclear levels caused by the 
combined action of crystal-field and hyperfine inter- 
action is into a ladder of 17 (degenerate) states, with 
a total splitting of the order of 463 mK. Since T, = 158 
mK is only a third of this, the higher lying energy levels 
will already be partly depopulated at  the temperature 
of magnetic ordering and the effective value of the 
electronic spin will be varying with temperature, de- 
creasing from S = 5 /2  for T >> T, to some lower value 
in the ordered region. The exchange constant, J/kB,  
has been estimated as about -6 mK. No other mea- 
surements have yet been reported on this material. 

B. Iron(I1) 
The magnetic energy level scheme of [Fe(C5H5N- 

O),] (C104), was first deduced by Sams and Tsin23-25 
from Miissbauer data on polycrystalline samples, which 
suggested that the magnetic properties should be de- 
scribable in terms of an effective-spin S = 1/2 ground- 
state doublet, with the highly anisotropic splitting 

25 I- 1 

0 
0 0.5 1.0 15 

Figure 6. The magnetic specific heat of [Fe(CsHsNO)B] (C10&. 
Reproduced with permission from ref 22. Copyright 1978 Ehmer,  
Amsterdam. 

factors g, = 9.0 and g, N 0.6. The Mossbauer results 
for the g tensor give a powder value (g) = 5.2 f 0.6. 
The next higher lying energy levels were estimated to 
be at least 170 K above the ground state doublet, so that 
they will not be appreciably populated at temperatures 
below 4.2 K. As a consequence, the Ising Hamiltonian 
H = -2J&Si,Sj, should be closely approximated in 
this compound. 

The specific heat of [Fe(C5H5N0)6](C104)2 is dis- 
played iq Figure 6, after subtraction of the small lattice 
contribution.22 The magnetic specific heat is seen to 
feature a sharp anomaly at T, = 0.719 f 0.003 K. The 
points are experimental, while the solid curves in the 
plot represent the prediction for the specific heat of the 
simple cubic (s.c.), S = '/, Ising model obtained from 
high- and low-temperature series expansions of the free 
energy. The fit of the theory of the experiment yields 
the value l J / k ~ l  = 0.32 f 0.01 K for the exchange 
constant. In Table VI we compare the critical energy 
and entropy parameters found from the data with the 
S.C. Ising predictions. The agreement below T, is ex- 
cellent, whereas above T, the experimental values are 
somewhat in excess. This may be attributed to a small 
amount of Fe3+ contamination, which is very difficult 
to avoid in the sample preparation. 

The susceptibility of polycrystalline [Fe(C5H5N- 
o),](Clo$, is displayed in Figure 7. The experirhentsdA 
were made on powdered samples, since the growth of 
single crystals proved to be very difficult. Nevertheless, 
the powder data are representative for the parallel an- 
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Figure 7. Susceptibility of polycrystabe [Fe(cflfio)6](c10&. 
The points are experimental, while the curve is the fit described 
in the text. Reproduced with permission from ref 44. Copyright 
1980 American Institute of Physics. 

tiferromagnetic susceptibility, because of the extreme 
anisotropy in the expectation values for the ground 
doublet. Since the contributions of xI and xll to the 
powder susceptibility xp = (xil + 2x1)/3 have to be 
scaled by their respective g values squared, the fact that 
g,/gll I 0.1 implies that x, will only contribute at most 
a few percent to xp. 

The ordering temperature obtained from the point 
of maximum slope in the x-vs.-T curve is 700 i 10 mK, 
which agrees well with the result obtained from the 
specific-heat measurements. The data above 720 mK 
were fitted using calculations for the parallel suscep- 
tibility of the S = 1/2, simple-cubic Ising antiferro- 
magnet,& as illustrated in Figure 7. The resulting pa- 
rameters are (g) = 5.38 f 0.05 and J/kB = -0.34 f 0.02 
K. The agreement with the above mentioned values is 
excellent. For the Ising model on loose-packed lattices, 
the sign of the exchange is irrelevant for the specific 
heat, so that the sign of the exchange constant cannot 
be determined from specific-heat measurements. 
Therefore, it is the susceptibility data that confirm the 
antiferromagnetic sign of the interaction between the 
nearest magnetic neighbors. One may conclude that 
[Fe(C5H5NO)6] (C104)2 provides an excellent example 
of the simple cubic, S = 1/2  Ising antiferromagnet. 

C. Cobalt(I1) 

1. [Co(C&N0)&fOJ2 and Related Compounds 

The first experimental examples of the three-di- 
mensional XY model were provided by the specific heat 
measurements on [ C O ( C ~ H ~ N ~ ) ~ ] ( C ~ ~ ~ ) ~  and [c0(c5- 
H,NO),] (BF4)2.20 Subsequently, the specific heats of 
[CO(C,H,NO),](NO~)~ and [ C O ( C ~ H ~ N O ) ~ ] I ~  were 
shown to follow the predictions of this model as well.15 
That all these systems should behave similarly is due 
to their crystallographic and magnetic isomorphism. 

The specific heat results are shown in Figure 8. 
Transitions to long-range magnetic order are observed 
a t  T, = 0.428 (3) K and T,  = 0.357 (3) K for the per- 
chlorate and the fluoborate compounds, respectively. 
The small difference in the values of T, confirms the 
assumption that possible superexchange paths via the 
C104- and BF4- anions are relatively unimportant con- 
tributors to the net magnetic interaction. 
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Figure 8. Experimental specific-heat data for [Co(CSH,N- 
0)6](BF4)2 (open circles), and [ c o ( c f l f i o ) ~ ] ( c ~ o ~ ) ~  (fiied cucles). 
Since no evidence for lattice or hyperfine contributions to the 
specific heat is observed, the data can be regarded as representing 
the magnetic specific heat. Reproduced with permission from 
ref 20. Copyright 1976 Elsevier, Amsterdam. 

The reason for extending these studies to a total of 
four salts was threefold: (i) to evidence the similarity 
in the magnetic behavior, (ii) to study the effect of the 
type of X- anion on the magnetic interactions, and (iii) 
by changing to the smaller I- and, in particular, NO3- 
anions it was hoped to obtain a compound with a higher 
T,, which would enable a more extensive study of the 
specific heat in the low-temperature spin-wave region. 

The expected similarity in the magnetic behavior of 
the compounds is confirmed by the striking resem- 
blance of the two curves in Figure 8, which suggests that 
they can be brought into a near coincidence when a 
relative temperature scale, such as T / T ,  or kBT/J,  is 
used. This is demonstrated in Figure 9 in which it is 
seen that in fact a collection of data on two compounds 
of the series fall on one and the same curve. Here we 
have plotted the specific heats as a function of kBT/IJI, 
the exchange constants having been determined by 
fitting the data to the available predictions for the S.C. 
XY model with S = 1/2, which are the solid curves in 
this figure. For T > T, the prediction is based on 
high-temperature series expansions of the free energy 
of this model. This fits the data to within 1-2% of T,. 
At low temperatures, there is a spin-wave theoretical 
prediction for this model, drawn up to kBT/Ia N -1, 
above which this low-temperature theory will lose its 
validity. We note that spin-wave theory predicts a rr0 
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Figure 9. The specific-heat data from two cobalt salts plotted 
vs. the relative temperature kBT/ J. Curves a 4  are theoretical 
predictions for the S.C. XY model with S = l /p  

behavior in the limit T - 0 for the specific heat of the 
3-D, XY model, which seems to be obeyed by these 
compounds. 

One may conclude from this figure and from the data 
in Table VI that the experimental results are in ex- 
cellent agreement with the XY model predictions, in 
particular when compared with the theoretical values 
for the S.C. Heisenberg and Ising models. The theo- 
retical results for the XY model are seen to be inter- 
mediate between those for the Heisenberg and Ising 
models. 

An estimate of the amount of anisotropy in the com- 
pounds may be deduced from the measured g values. 
In section 111, we found gll = 2.26 (1) and g, = 4.77 (1) 
from EPR measurements on cobalt(I1) doped into 

(5) from susceptibility measurements on the pure cobalt 
compound (1.5 < T < 20 K). As discussed above, a ratio 
J, / J ,  N 3.2 is then obtained (eq 6)) pointing to a strong 
X!t'-type anisotropy in the effective interaction. 

Similar studies were reported on [CO(C~H~NO)~] (N- 
O& and [ C O ( C ~ H ~ N O ) ~ ] I ~ ~ ~  In fact, the anisotropy in 
the g-tensor is quite similar for all the cobalt com- 
pounds, and so one anticipates the same effective an- 
isotropy in the exchange. Such a large planar-type spin 
anisotropy is apparently sufficient to yield a thermo- 

[Zn(C5H5NO)g](ClO4)2, and gll = 2.49 (5) and g, = 4.70 

Carlin and de Jongh 
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Figure 10. Measured susceptibilities (points) of [Co(C6H!N- 
O)6](N03)2 and the fits as described in the text. The solid points 
refer to data parallel to the z axis, the open points to data per- 
pendicular to the z axis. Reproduced with permission from ref 
45. Copyright 1981 American Institute of Physics. 

dynamic behavior corresponding quite closely to that 
of the pure XY model (J, = 0). Indeed, the influence 
of the anisotropy on the thermodynamic behavior was 
studied, that is the variation with the parameter JJJ,. 
It was found that the data may be equally well fitted 
by the theory for J,/J,, N 0.3 as for J, = 0, for the 
simple reason that in this range of values the thermo- 
dynamic quantities are fairly insensitive to variation of 
this anisotropy parameter.I5 

Susceptibility measurementsG are in agreement with 
the specific heat results, and, in particular, show that 
the phase transition is indeed an antiferromagnetic one. 
This is of some importance, since here again the sign 
of J cannot be deduced from the specific-heat experi- 
ments. This is because, also for the XY model on 
loose-packed lattices the sign of the exchange constant 
is irrelevant for the specific heat. 

The susceptibility data for [ C O ( C ~ H ~ N O ) ~ ] ( N O ~ ) ~  
below 4 K are illustrated in Figure 10. The data for 
xz  and xxy  show that the easy (xy )  plane for the mag- 
netic moments is perpendicular to the trigonal axis (x, 
<< x,,), in agreement with the observed g anisotropy. 
A maximum in x,, occurs at  0.51 K. At lower tem- 
peratures the susceptibility drops and the value for T,, 
as defined by the maximum in d x,/dT, is obtained as 
0.432 f 0.005 K. This is in reasonable agreement with 
the value found from the specific heat. 

The solid curves in Figure 10 are fits to high-tem- 
perature series expansionsG which yielded (with J,/ Jxy 
= 0.31) the parameters Jxy/kB = -0.219 K, g,, = 4.99 
(5) and g, = 2.42 (5). The behavior of the susceptibility 
below T, is explained in ref 45. 

2. Magnetic Ordering in [Co( +y-CH3-Cfi4NO)8](C10J2 

The hydrogen atoms in the pyridine N-oxide ring can 
be replaced by other groups, and thus y-picoline N- 
oxide has been investigated as a ligand. This molecule, 
yCH3-C5H4N0, contains a methyl group in the para 
position of the ring which significantly increases the size 
of the ligand molecule and changes the crystal structure 
of the compound substantially from that of the pyridine 
N-oxide complexes. The preparation of the samples is 
similar. The magnetic properties of [Co(r- 
CH3-C5H4N0)6] (C104)2 are appreciably different from 
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Figure  11. The possible superexchange paths in [Co(y-CH3- 
C5H4N0),J (C104)2. Reproduced with permission from ref 46. 
Copyright 1981 Elsevier, Amsterdam. 

those of [ C O ( C ~ H ~ N O ) ~ ] ( C ~ ~ ~ ) ~  The cobalt salt is found 
to be isomorphous with the analogous copper and zinc 
salts of y-picoline N - ~ x i d e . ~ ~  

The material belongs to the space group E 1 / c  with 
two molecules in the monoclinic unit cell. The change 
of ligand leads to substantial distortions of the oxygen 
octahedra surrounding the Co2+ cations. The Co-0 
distances evidence local orthorhombic symmetry around 
the Co2+ ion (2.053, 2.109, and 2.128 A). The most 
significant difference, however, is found in the crystal 
packing of the [Co(y-picoline N-~xide)~]~ '  units into a 
largely two-dimensional network.& The lowering of the 
symmetry of the lattice also leads to an inequivalency 
of the superexchange paths connecting the Co2+ mag- 
netic moments along the various crystallographic di- 
rections. 

Since a nearly collinear Co-0- - -0-Co superex- 
change path is most important in the [CO(C~H~NO)~]& 
series of compounds, a comparable superexchange path 
in the crystal structure of [ C O ( ~ - C H ~ - C ~ H ~ N ~ ) ~ ]  (c104)2 
was sought. As was found with the pyridine N-oxide 
ligands, the picoline rings are diverted away from the 
Co-0- - -0-Co bond, which allows superexchange to 
result from a direct overlap of the oxygen wave func- 
tions. Examination of the structure (Figure 11) shows 
the following: along the a axis, there is such a Co-0- 
--0-Co fragment, with Co-0(2) length of 2.128 A, 
0(2)-0(2) distance of 5.442 A, and C0-0(2)-0(2) angle 
of 157.7'. Along the b axis, another such fragment is 
found with Co-0(3) of 2.053 A, O(3)-O(3) of 6.964 A, 
and Co-0(3)-0(3) angle of 152'. Finally, in the bc 
plane there is a superexchange path between the cobalt 
atom a t  the origin of the unit cell and the one in the 
center of the bc rectangle. The Co-O(l) length is 2.109 
A, the O(1)-O(1) distance is 8.243 A and the Co-0- 
(1)-O(1) angle is 125.0'. The much larger 0---0 
distance makes this path considerably less effective 
than those along a or b. In contrast, therefore, with the 
situation in [ C O ( C ~ H ~ N ~ ) ~ ] ( C ~ ~ ~ ) ~ ,  the Co atoms are 
not connected by equivalent superexchange paths in the 
various crystallographic directions. 

The susceptibility results are illustrated in Figure 12  
for three mutually perpendicular orientations of the 
crystal and clearly give evidence of antiferromagnetic 
~rdering.~' The easy axis was determined experimen- 
tally and was found to lie in the ac plane, 26' away from 
the c axis. This axis will be referred to as the c'axis. 
The other two orientations are along the a'axis, which 
is within the ac plane but perpendicular to the c'axis, 
and along the b axis. The critical temperature as de- 
fined by the maximum in dxel/dT, occurs at Tc = 0.49(2) 

I I I I 
T 1 2 3 K  4 

Figure 12. The susceptibilities along three orthogonal axes. The 
curve drawn through the c' axis data (circles) is the fit to the 
two-dimensional (quadratic) Ising model with g, = 5.48 and J/ke 
= -0.44 K. Reproduced with permission from ref 47. Copyright 
1981 Elsevier, Amsterdam. 

- 
K. The parallel susceptibility x,' drops to a value which 
for the lowest temperatures approaches zero within the 
experimental accuracy. The susceptibilities measured 
along a '  and b show the behavior expected for the 
perpendicular susceptibility of a (strongly anisotropic) 
antiferromagnet. At  T = 4.2 K the measured suscep- 
tibilities point to an anisotropy in the g tensor of the 
order of gc?:gb:g,, = 1:0.790.59. These splitting factors 
refer to the effective spin S = 1/2 (Kramers) doublet 
expected for Co2+ in octahedral surrounding. The g- 
ratios imply that the nearest neighbor exchange inter- 
action within the effective spin formalism will be 
quite anisotropic, since Jc,: Ja:Ja, = gc'2:gb2:ga? = 
1:0.63:0.35. The magnetic behavior, therefore, should 
approach that of the Ising model (Jb = Jal = 01, al- 
though basically the anisotropy is orthorhombic. 

The solid curve drawn in Figure 12 is a theoretical 
curve for a 2-D quadratic Ising lattice. A good fit over 
the entire measured temperature region was obtained 
using the set of parameters gc, = 5.48 f 0.10 and J / k B  
= -0.44 f 0.01 K. 

The magnetic specific heat data (Figure 13) show a 
pronounced X-type anomaly, the maximum occurring 
at T,  = (0.480 f 0.015) K.47 This is quite close to the 
value deduced from the susceptibility experiments. 

Because of the observed anisotropy in the suscepti- 
bility, as well as the crystallographic considerations, the 
2-D Ising model was applied in analyzing the contri- 
bution to the specific heat coming from the cooperative 
magnetic transition. For this model the heat capacity 
has been solved by Onsagera for a 2-D rectangular 
lattice with S = 1/2 and for an arbitrary ratio of the 
parameters J and J' giving the interactions between 
neighboring spins in the two spatial directions of the 
2-D network. The theoretical curve considered above 
for the susceptibility in Figure 12 corresponds to the 
particular case J = J', a quadratic lattice. 

Notwithstanding the apparent agreement between 
experiment and theory in Figure 12 the specific heat 
data could not be fit with the same quadratic Ising 
model. 

In view of the inequivalent superexchange paths in 
the ab planes, as discussed above, the ratio J'/ J was 
then used as an adjustable parameter in the Onsager 
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N-oxide. The material crystallizes in the monoclinic 
space group ml/c with four molecules in the unit cell. 
The lattice consists of well-separated pentakis(2- 
picoline N-oxide)cobalt(II) ions and perchlorate ions. 
The coordination about the cobalt atom is essentially 
trigonal bipyramidal with the axial Co-0 bond length 
greater than the equatorial bond length by 0.123 A. 

Some EPR studies of the polycrystalline material as 
well as of the compound doped into its zinc isomorph 
have been reported.51 The crystal g-values are reported 
as g, = 1.86, gz = 3.52 and g3 = 5.67; these have been 
transformed into the molecular g-values g,, = 2.03 and 
g, = 2.38. The zero-field splitting of the 4Az ground 
state has been estimated as 25 cm-I (36 K).52 

The substance appears to be paramagnetic down to 
a temperature of 40 mK. The 2-methyl group on the 
ligand forces the picoline N-oxide to be oriented such 
that the required Co-0- - -040 superexchange paths 
do not exist in this material. A comparison, then, of 
the magnetic properties of [CO(C&,NO)~] (C1O4)2, 
[ C O ( Y - C H ~ - C ~ H ~ N O ) ~ ]  (C104)2 and of [Co(a-CH3- 
C5H4NO)5](C104)z shows, as if any further proof were 
needed, the importance of this superexchange path for 
magnetic interactions in the pyridine N-oxide com- 
pounds. 

27 I I 
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Figure 13. The magnetic specific heat of [Co(y-CH,- 
C&4NO)6](C104)2, fitted to the prediction for the redangular king 
model with JJkB = -0.55 K and Jb/Ja = 0.6. Reproduced with 
permission from ref 47. Copyright 1981 Elsevier, Amsterdam. 

solution for the specific heat. As shown in Figure 13 
the best fit with the experiment was found for a value 
J’/J = 0.6 f 0.1. The lattice contribution comes out 
as cI,,/NkB = UP, where a = 0.04 f 0.01 K-3. After 
subtraction of this lattice term as well as the nuclear 
hyperfine term from the raw data, the results shown in 
Figure 13, fitted to the Onsager prediction with J’/J 
= 0.6 and J / k B  = -0.55 f 0.02 K, are obtained. The 
susceptibility for the rectangular Ising model has been 
calculated by Tanaka and Uq649 for an arbitrary ratio 
J’/ J. Thus a fit of the same x, data to their prediction 
for the case J’/ J = 0.6 was found to yield the param- 
eters g, = 5.48 and J/kB = -0.54 K. The fit is of similar 
quality as that in Figure 12. This happens because, for 
values of J’/J which are not too small (i.e., >0.5), the 
shape of the susceptibility curve is fairly insensitive to 
this ratio. 

The striking difference between the magnetic be- 
havior of [CO(~-CH~-C,H,NO),](C~~~)~ and the related 
[CO(C,H~NO)~]X~ compound amounts therefore to the 
change from a 3-D simple cubic XY antiferromagnetic 
lattice into a 2-D rectangular Ising antiferromagnet, in 
agreement with the crystallographic information about 
the superexchange paths. In our opinion the above 
comparison provides a beautiful example of the im- 
portance of magneto-structural correlations. It is fur- 
ther of interest to note that the observed value of J / k B  
is nearly a fador of two larger than that observed in the 
related compound [CO(C,H,NO)~] (C104)2, although the 
interatomic distances in the Co-0- - -0-Co superex- 
change bonds are in fact similar along the a-axis in 
[Co(y-picoline N-~xide)~](ClO,)~ and even considerably 
larger (the 0---0 distance) for the path along the b 
axis. 

3. Five-Coordinate Cobalt(II) 

The crystal structure of [CO(~Y-CH~-C~H~NO)~](C~O~)~ 
was reported some time ago;50 the ligand is 2-picoline 

4. Bimetallic Compounds 

A quite different series of cobalt compounds which 
contain pyridine N-oxide has also been recentlP3 in- 
vestigated. The parent compound is of stoichiometry 
CO(C~H~NO)~C~,,  but crystal structure analysis showed 
that it should be formulated as [ C O ( C ~ H ~ N ~ ) ~ ] ( C & ~ ~ ) .  
The compounds therefore contain two magnetic sub- 
systems, that of the octahedral cations and that of the 
tetrahedral anions. Since the crystal field splittings of 
the cobalt in the two sites are substantially different, 
one might expect rather complex magnetic ordering. 
The compound [ C O ( C ~ H ~ N O ) ~ ] ( Z ~ C ~ ~ )  could also be 
prepared, and it was found to be isostructural to the 
Co/Co compound. This is important because the 
magnetic study of the Co/Zn system helped in deci- 
phering the magnetic properties of the Co/Co com- 
pound. The measurements showed that the Zn atoms 
enter the lattice highly preferentially, residing only on 
the tetrahedral positions. Finally, the analogous 
bromide compounds [CO(C~H~NO)~]  (CoBr4) and [Co- 
(C5H5N0)6] (ZnBr4) were also prepared and shown to 
be isostructural to the chloride analogues. The com- 
pounds behave similarly, which gives further credence 
to the analysis of the chloride salts. 

All the compounds are monoclinic and belong to the 
space group Cc. Superexchange paths of the familiar 
kind, Co-0- - -0-Co, are found in each of the three 
crystallographic directions, but no efficient Co-C1- - - 
Cl-Co paths are evident in the crystal structure anal- 
ysis. 53 

Specific heat data on [CO(C~H~NO)~](COC~~)  and 
[co(c&,No)6](%c~) are displayed in Figure 14. The 
sharp anomalies occurring near 1 K may be attributed 
to a magnetic ordering of the octahedral cobalt ions, 
since that is the only magnetic contribution observed 
for the Co/Zn compound. The transition temperature, 
0.95 K, is the same for both compounds, and thus one 
must conclude that there are two uncoupled magnetic 
subsystems in [CO(C,H,NO)~] (CoC14). The Co/co 
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Figure 14. Specific heats of [ C O ( C ~ H ~ N O ) ~ ] ( C O C ~ )  (0) and 
[ C O ( C ~ H ~ N O ) ~ ] ( Z ~ C ~ ~ )  (X). Curves (a) and (b) are the Schottky 
curves, while curve (c) is the estimated lattice contribution. 
Reproduced with permission from ref 53. Copyright 1984 Elsevier, 
Amsterdam. 

system exhibits additional paramagnetic contributions 
at low temperatures which are absent in the zinc ana- 
logues, and these have been attributed to the cobalt ions 
at the tetrahedral sites. These are Schottky anomalies, 
due to the zero-field splitting of the ground state. 
Similar results were obtained for the bromide analogues. 

These interpretations are confirmed by the suscep- 
tibility measurements, which are displayed in Figure 
15 for [CO(C~H~NO)~](COC~~).  The most prominent 
feature in the data is the large spike in the b-axis data 
at 0.94 K, which is indicative of weak ferromagnetism. 
The susceptibilities of [Co(CsH5N0)6] (ZnC14), Figure 
16, are somewhat similar, weak ferromagnetism once 
again being observed parallel to the b axis. The peak 
occurs at the same temperature of 0.94 K. The pre- 
ferred axis of spin alignment is the a axis, while the c 
axis is a perpendicular axis. These features are more 
readily apparent in the data on the Co/Zn compound 
than in those on the Co/Co one because in the latter 
there is the additional strong paramagnetic contribution 
from the tetrahedral (CoC1.J2- ions. The fact that the 
ordering anomalies in the specific heat curves of the 
Co/Zn compound are nearly as sharp as for the Co/Co 
salt and occur a t  precisely the same transition tem- 
perature provides strong evidence that in the Co/Zn 
system the preference of the zinc atoms for the tetra- 
hedral sites is nearly 100%. 

The general features of the specific heats and sus- 
ceptibilities of the bromide analogues are similar, with 
the exception that weak ferromagnetism is not ob- 
served. The data suggest that the discrimination of the 
zinc for occupation of the tetrahedral sites is not as 
great as with the chlorides. The ordering temperature 
is 0.65 K for both. 

The subsystems involving the tetrahedral cobalt ions 

[Co(GHgNOk][ CoC14 
8 

OO 8 I 2 3 4 

T ,  K 
Figure 15. Susceptibility data parallel to the three crystallo- 
graphic axes of [CO(C~H,NO)~](COC~~). The maximum value of 
x as measured in the b direction at  T, is about 100 emu/mol. 
Reproduced with permission from ref 53. Copyright 1984 Elsevier, 
Amsterdam. 
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Figure 16. Susceptibility data parallel to the three crystallo- 
graphic axe8 of [CO(C,H~NO)~] (Z~C~~) .  Note the change in the 
vertical scale compared to Figure 15. The maximum value of x 
as measured in the b direction a t  T, is about 100 emu/mol. 
Reproduced with permission from ref 53. Copyright 1984 Elsevier, 
Amsterdam. 

do not undergo a magnetic phase transition down to 40 
mK. 
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0. Nickel( I I ) 

Magnetic ordering occurs with the [Ni(C5H5N0)6]X2 
series of compounds, but in a rather unusual fashion. 
It has already been pointed out that, because of the 
large positive ZFS, these salts cannot order spontane- 
ously. That is, no antiferromagnetic ordering occurs in 
zero applied field as the substances are cooled. 

Indeed, the sign of D may have important implica- 
tions for the low-temperature properties of nickel salts, 
in particular, concerning the ability of these salts to 
undergo long-range magnetic ~ r d e r i n g . ~ ~ ~ ~ ~ ~ ~ ~  If D is 
negative, the ground state is magnetic and the exchange 
interaction J between the neighboring ions will always 
lead to magnetic ordering at some sufficiently low tem- 
perature, irrespective of the magnitude of lD/JI. If, 
however, D is positive, the nonmagnetic singlet state 
is lowest and all the spin entropy can be removed on 
cooling without the necessary intervention of long-range 
magnetic ordering processes. This has been discussed 
quantitatively by Moriya,55 using molecular field theory, 
who shows that a necessary condition for a nonzero 
critical temperature or Nee1 point is that D be smaller 
than 225, where z is the magnetic lattice coordination 
number. The situation that pertains to the [Ni(C5H5- 
No),] X2 series is a positive D > 1224, so that in zero 
field no ordering occurs. 

On the other hand, the application of a sufficiently 
large external field parallel to the symmetry axis can 
muse the lower doublet level to cross the singlet at some 
critical field H, N D/gpB. At that level-crossing field, 
the ground state has become an effective doublet and 
so ordering can occur at  some temperature. The unu- 
sual feature of the [Ni(C5H5NO),]X2 series of salts is 
that all the stringent requirements for such field-in- 
duced ordering are met, that is, (a) large, positive 
zero-field splitting, (b) high-symmetry crystal structure 
with all nickel ions equivalent (so that the applied field 
can be set parallel to the z-axes of all the constituent 
complexes), (c) level crossing field experimentally ac- 
cessible, and (d) strong enough exchange interactions 
so that ordering occurs within an accessible temperature 
raqge. Susceptibility and specific heat measurements 
show that both [Ni(C5H5N0)6](C104)227 and [Ni(C5- 
H5NO),] (N03)216 meet all these restrictions, while it 
appears that [Ni(C5H5NO),] (Br0& meets only the first 
three  requirement^.'^ 

In addition to the zero-field specific heat curve shown 
in Figure 4, the specific heat of [Ni(C5H5NO),] (C104)2 
was measured as a function of field applied parallel to 
the rhombohedral axis of the system.56 The resulting 
specific heat curves for 30 < H < 60 kOe are shown in 
Figure 17. It is seen that in such a linear plot, there 
is at first sight a nice symmetry around H = H,,, 
namely those curves for which the difference H - H,, 
has the same absolute value but opposite sign, are quite 
simiIar in shape. However, it is apparent that this 
symmetry is far from being complete. The asymmetry 
is due to the influence of the upper (+1) level. The field 
H,, (or H,, the crossing field) is found to be about 48 
kOe. 

Note from this figure that magnetic ordering still 
occurs (a Mike peak is observed) even as the applied 
field moves away from H,, but that the ordering occurs 
at a lower temperature. That is, there is still a mixing 
of the levels as the field moves away from H,. This is 
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Figure 17. Linear plot of the specific-heat curves of [Ni(C5- 
H5N0)8](C104)2 as a function of temperature in various external 
fields. For each plot the vertical and horizontal scales refer to 
C / R  and T (in K), respectively. %produced with permission from 
ref 56. Copyright 1978 Elsevier, Amsterdam. 

illustrated schematically in the phase diagram in Figure 
2c, where the long-range order can be seen to be es- 
tablished at  lower and lower temperatures as H moves 
away from H,. The experimentally determined phase 
diagram for [Ni(C5H5N0)6](C104)2 is shown in Figure 
18. The points are experimental. The curve drawn 
through the results has a flat maximum for T,(H) with 
TcmU = 0.75 f 0.01 K at H,, = 48 kOe. For the same 
reason mentioned above, the experimental phase dia- 
gram is asymmetric around the line H = H,,,, as is 
exemplified by the dash-dotted curve for H < H,,,, 
which represents the mirror image of the curve above 
Hmm. Using in addition the points at T = 0.08 K of ref 
57, we may extrapolate the experimental curve to T = 
0, obtaining H,, = 26 f 1 kOe and Hc2 = 70 f 1 kOe 
for the critical fields at  T N 0. 

The MF predictions in Figure 18 have been fitted to 
the experimental H,, and Hc2 at T = 0. The theoretical 
expressions for these fields are gpBHcl = D - 2214 and 
g p a C 2  = D + 4z14 for the effective Q = f1I2 formalism, 
and g p a C l  = D(1- 4214)1/2 and g p a C 2  = D + 4214 for 
the S = 1 model. With the above experimental values 
one then obtains the combination J / k B  = -0.20 f 0.01 

D/kB = 6.7 f 0.2 K, for these models, respectively. 
The phase diagram of [Ni(C5H,NO),](N03)2 in the 

H-T plane has also been determined42 by means of the 
field-dependent ac susceptibility measured parallel to 

K, D/kB = 6.3 f 0.2 K a d  J / k B  = -0.18 f 0.01 K and 
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Figure 18. Magnetic phase diagram of [Ni(CSHSNO)6](C104)2. 
0 from specific-heat anomalies; 0 data from ref 57. The dashed 
and solid line MF curves are for the u = it/, and for the S = 
1 model, respectively. 
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Figure 19. Field dependence of the susceptibility of [Ni(C5- 
H$JO),] (NO,), at several temperatures. Reproduced with per- 
mission from ref 42. Copyright 1980 Elsevier, Amsterdam. 

the applied field along several adiabatics. These data 
are illustrated in Figure 19. The temperatures of the 
measurements are listed in the figure. The asymmetry 
of the x(Heff, T)  curves and the phase diagram with 
respect to the level crossing field originates from the 
field-dependent mixing of the energy levels due to the 
exchange interactions. It is striking that all the curves 
of x(H,ff, T), neglecting the above mentioned asym- 
metry, are comparable with the field and temperature 
dependence of the perpendicular susceptibility of a 
normal 3-D antiferromagnet. This was expected as the 
susceptibility was measured along the z axis, which, 
under these particular conditions, is perpendicular to 
the spontaneous magnetization in the ordered state. 
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Figure 20. Double logarithmic plot of the specific-heat data 
obtained for (0) [cu(c$$Jo)61 (BF4),; (0) [cu(c$$Jo)6l (C104)2, 
and (+) [Zn(C6H6NO)6](BF4)2. The curves are discussed in the 
text. Reproduced with permission from ref 33. Copyright 1978 
Elsevier, Amsterdam. 

E. Copper( I I )  

The magnetic behavior of the [ C U ( C ~ H ~ N O ) ~ ] X ~  se- 
ries of compounds is controlled, at  low temperatures, 
by the Jahn-Teller effect. 

The specific heat results for the perchlorate and the 
f l ~ o b o r a t e ~ ~  are displayed in Figure 20, which clearly 
illustrates the strikiug differences between the behavior 
of the two compounds from that of the other materials 
discussed earlier. The measurements on the zinc sam- 
ple provide an estimate of the lattice contribution in 
sddition to the one already shown in Figure 4. 

In contrast to the 3-D magnetic behavior found for 
the other compounds, the magnetic specific heat of 
[Cu(C,H,NO),] (C104)2 is found to be excellently de- 
scribed by the Bonner-Fisher% prediction for a S = 1/2 
antiferromagnetic Heisenberg chain. The fit yields an 
intrachain exchange constant of J/kB = -1.02 f 0.02 
K. Weak interchain interactions lead to the onset of 
long-range 3-D magnetic order at T, = 0.142 f 0.002 K. 
Below T,, the experimental specific heat is found to be 
well represented by the sum of a T3 dependence and 
the expected T2 dependence arising from the hyperfine 
interactions. As regards the T' term, such a steep fall 
of the specific heat below T, is usually observed in 
quasi-linear-chain compounds.l 

When these experiments were performed, the ob- 
servation of l -D magnetic behavior came rather as a 
surprise in view of the previous studies on the other 
compounds. However, we were in for even more sur- 
prises. Although the magnetic specific heat of [Cu- 
(C5H5N0)6] (BF& also shows a broad maximum, the 
shape is quite different and it was found to be in good 
agreement with predictions obtained for the 2-dimen- 
sional quadratic layer S = 1/2 Heisenberg antiferro- 
magnet.59 The fit of the high temperature series pre- 
diction to the experiment yields J/kB = -1.10 f 0.05 
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Figure 21. Comparison of the magnetic specific heats for [Cu- 
(C5H5NO)6](C104)2 and [Cu(C,H,NO)6](BF4)2 (0 and 0, respec- 
tively) plotted on a linear scale. Curve B-F is the Bonner-Fishel.58 
prediction for a linear chain antiferromagnet with J / k B  = -1.02 
K; curve H.T.S. is the prediction from the high-temperature series 
for the quadratic-layer antiferromagnet with J / k B  = -1.10 K. 
Reproduced with permission from ref 33. Copyright 1978 Elsevier, 
Amsterdam. 

K for the intralayer exchange. 
The powder susceptibilities of the two salts have also 

been measured and the observed broad maxima confirm 
the 1-D and 2-D magnetic behavior, respectively, found 
from the heat capacities.,, 

It thus appeared that the C104- compound behaves 
like a linear chain system, whereas the BF4- compound 
apparently approximates the quadratic Heisenberg 
layer. This, despite the fact that the two substances 
are isostructural at room temperature with one another 
and with the other compounds of the series! The 
magnetic specific heats of the two compounds are 
shown in a linear plot in Figure 21. We mention in 
particular that the results for [Cu(C,H,NO),] (BF4)2 
show very clearly that the specific heat of the quadratic 
layer Heisenberg antiferromagnet will have the form of 
a nonsingular curve, with a broad maximum of height 
C / R  N 0.45 at KBT/IJJ N 1.3. In this respect they 
provide an interesting extension of the work of Bloem- 
bergen60 on t h e  series of compounds 
(CnH2n+lNH3)2CuX4 (n = 0, 1, 2, 3, ...; X = C1, Br), 
which have been shown to be very good examples of the 
ferromagnetic Heisenberg 1ayer.l From his experiments 
Bloembergen was able to derive an estimate for the 
specific heat for this model, which is compared with the 
result for [Cu(C,H,NO),](BF& in Figure 22. For the 
ferromagnetic layer the maximum in C / R  is lower 
(C,,/R CT 0.38) and occurs at a lower temperature 
(kT,,/J N 0.8) than for the antiferromagnetic case 
(C,,,/R 0.45; kBT,,/IJI 1.3). 

As a possible explanation, we have pointed outa that 
the lower dimensional properties of both compounds 
should be ascribed to the occurrence of (static) Jahn- 
Teller distortions of the oxygen octahedra surrounding 
the Cu2+ ions. The packing of the distorted octahedra 
should then be different in the two salts, since they 
must lead to a lack of overlap in one and in two spatial 
directions for [CU(C,H,NO),](BF~)~ and [Cu(C5H5N- 
O),] (C104)2, respectively. 

A quite similar phenomenon has in fact been ob- 
served earlier in the perovskite structure, where com- 
pounds like RbMnF, and KNiF3 are simple cubic an- 
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Figure 22. Specific heat curves for the antiferromagnetic (AF) 
and ferromagnetic (F) quadratic-layer Heisenberg lattices. Re- 
produced with permission from ref 33. Copyright 1978 Elsevier, 
Amsterdam. 

Figure 23. Alignments of the e, orbitals of the copper ions in 
KCuF3. The one-dimensional behavior arises because there is 
hardly any overlap of the wave functions along the a axes.' 

tiferromagnets whereas KCuF3 is a quasi 1-D antifer- 
r0magnet.l It has been proved that the 1-D properties 
are due to static Jahn-Teller distortions in KCuF3, 
leading to a lack of overlap of cation and anion wave 
functions in the plane perpendicular to the c axis, as 
shown in Figure 23. Our predictions for the pyridine 
N-oxide compounds of copper have been verified by 
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ments yield nearly the same g values for the short 
(1.98-1.99 A) and long (2.29-2.30 A) Cu-0 distances in 
both compounds (the Cu-Cu distances are also nearly 
the same, namely 9.60-9.63 A for both materials). 

We remark that [CU(C,H,NO)~](BF,)~ is to our 
knowledge the first good example of a quadratic-layer 
Heisenberg antiferromagnet with a spin value as low as 
1/2 (copper compounds tend to be ferromagnetic).62 
The pronounced quantum effects that should occur 
make this an interesting compound for further studies. 
The singlecrystal susceptibilities have been measured& 
over the temperature interval 40 mK-4.2 K by Burriel 
and analysed in part by N a ~ a r r o . ~ ~ ~  The data do not 
exhibit a macroscopic easy axis, probably because of the 
different local orientations of the Jahn-Teller-elongated 
octahedra. There may also be several crystallographic 
domains. The data therefore cannot be analyzed in 
detail. As an example of the two-dimensional character, 
we mention that the coefficient a in the UP term de- 
scribing the magnetic specific heat at  the lowest tem- 
peratures exceeds by far the prediction from nonin- 
teracting spin-wave theory.59 At  this moment the 
high-temperature series (H.T.S.) expansion for the 
specific heat of the quadratic layer Heisenberg anti- 
ferromagnet, complemented by our results for [Cu- 
(C5H5N0)6](BF4)2, appear to be the most complete 
estimate for the specific heat of this model. Similar 
considerations apply in case of the quadratic layer 
Heisenberg ferromagnet, where the H.T.S. prediction 
is nicely confirmed by the results62 for Cu(NCS)z(tria- 
zole)2, and is at low temperatures complemented by the 
results of Bloembergens0 on the series of compounds 
(CnH2n+lNH3)2C~C14 (n = 1 to 10). Both these results 
present a challenge for complete theoretical verification. 
As another more general conclusion arising from the 

work on the pyridine N-oxide compounds and the 
earlier results on KCuF,, it transpires that, in case of 
a highly symmetric crystal structure with collinear ex- 
change paths, one will end up with a low-dimensional 
magnetic system as soon as a Jahn-Teller ion such as 
Cu2+ or Cr2+ is taken for the metal atom. This con- 
clusion has been confirmed by the work of Blote on the 
hexanitro~uprates,6~ which also show 1-D or 2-D mag- 
netic behavior although the undistorted lattice would 
be fcc. 
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Figure 24. (a) Simplified structure of the [M(C6H6NO)6]X2 
compounds, showing the M2+ ions at the corners, octahedrally 
surrounded by the oxygen atoms (open circles), (b) ferrodistortive, 
and (c) antiferrodistortive order of the elongated Cu06 octahedra 
in [ C U ( C ~ ~ O ) ~ I ( B F ~ ) Z  and [ ~ ~ ( ~ ~ ~ ~ ) ~ l ( ~ ~ ~ ~ ) z ~  respectively. 
The symbols d and d, denote the long and short Cu-0 bonds, 
respectively!1bz 

Reinen and KrauseaB1 From EPR experiments these 
authors deduced that the packing of the tetragonally 
elongated octahedra is ferrodistortive and antiferro- 
distortive for [CU(C~H,NO)~] (BF4)2 and [Cu(C5H5N- 
0)6](c104)2, respectively, as shown in Figure 24. The 
antiferrodistortive packing is of course quite similar to 
what has been found in KCuF3, the difference being 
that in [ C U ( C ~ H ~ N O ) ~ ] ( C ~ O ~ ) ~  the octahedra are iso- 
lated from each other, whereas in KCuF, they share 
corners. Since the eg orbitals of the copper ion are 
directed only towards the short Cu-0 distances, it is 
evident that for the fluoborate and the perchlorate 
compound there will be an appreciable overlap of wave 
functions only in the (001) plane and along the [001] 
axis respectively, explaining the observed magnetic 
characteristics. Lastly, the remarkable experimental 
feature3, that the intrachain exchange (J/JzB = -1.02 
K) for [ C U ( C ~ H ~ N ~ ) ~ ] ( C ~ ~ ~ ) ~  is so nearly equal to the 
intralayer exchange (J/kB = -1.10 K) found for [Cu- 
(C,HflO),](BF,),, is also nicely explained by the EPR 
studies. Since the superexchange interaction is ex- 
tremely sensitive to the interatomic distances of the 
bridging atoms, it would follow that the C u U  - -0-Cu 
bonds connecting the copper moments into chains or 
layers should be very nearly equal. Indeed, as regards 
the extent of the static distortions the EPR measure- 

F. Mixed and Diluted Systems 

The magnetic matrix lattice provided by the [M- 
(C5H5N0)6]X2 system also proves to be of interest for 
physical problems quite different from those described 
above. This arises from the fact that this matrix allows 
the mixing of different 3d metal atoms. If two different 
magnetic metal atoms are concerned (e.g., Co2+ and 
Fe2+) we will speak of mixed magnetic compounds, 
while if a magnetic and a nonmagnetic metal atom (e.g., 
Co2+ and Zn2+) are involved, we will speak of magnet- 
ically diluted systems. The latter problem, which we 
shall discuss first, bears directly on percolation phe- 
nomena, which are of importance for many fields of 
physics as well as for other  science^.^ A very attractive 
physical realization of the percolation phenomenon is 
in fact the site-random diluted magnet, where in a 
magnetic compound the magnetic atoms are replaced 
randomly by nonmagnetic ones in increasing amounts 
through doping with a diamagnetic i ~ o m o r p h . ~ ~ ? ~ ~  If p 
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Figure 25. (a) Magnetic specific heat for [CO,Z~~~(C~H~NO)~](C~O~)~ for p 2 0.37. Curves drawn are explained in the text. (b) As 
in (a), but for p 5 0.37. The solid curve is the prediction for the antiferromagnetic chain with CY = 0.31. Reproduced with permission 
from ref 69. Copyright 1979 American Institute of Physics. 

is the fraction of magnetic ions, where p = 1 and p = 
0 correspond to the purely magnetic and nonmagnetic 
limits, the magnetic ordering temperature T,  will de- 
crease with p and at a critical concentration pc  its value 
will be reduced to zero. For loose-packed 3-D lattices 
pc  is equal to the percolation threshold (critical prob- 
ability) of the corresponding site percolation problem. 
For p < p, ,  only finite isolated clusters of magnetic 
atoms exist with the average cluster-size diverging at 
p,, marking the onset of the formation of the infinite 
percolation cluster (IPC) of magnetic atoms for p I pc.  
The presence of the IPC is a necessary condition for the 
occurrence of long-range magnetic order. As p is in- 
creased above p c  the fraction n@) of spins in isolated 
clusters drops quite rapidly, since they coalesce with the 
IPC. Numerical estimates for the S.C. lattice,67 for which 
pc = 0.31, yield n@) 5 % and 0.7 % for p = 0.39 and 
0.58, respectively. We may conclude that for p > 1.2 
po the magnetic behavior of the diluted magnet will be 
dominated by the properties of the IPC. Thus exper- 
imental studies of this behavior supply direct infor- 
mation on the thermodynamics of the IPC, and since 
this is expected theoretically to be an object of “fractal 
dimensionality”, such studies are of current interest. 

Several experiments have been carried 0 ~ t ~ ~ - ~ ~  in 
which the cobalt ion in [ C O ( C ~ H ~ N O ) ~ ] ( C ~ O ~ ) ~  has been 
partially replaced by the diamagnetic zinc ion. The 
system [Co,Zn,,(C5H5NO),] (C104)2 is ideal for spe- 
cific-heat studies of a diluted magnet for the following 
reasons. Firstly, the magnetic ordering occurs at tem- 
peratures low enough for the lattice specific heat to be 
negligible, but, on the other hand, still accessible by a 
conventional adiabatic demagnetization cooling appa- 
ratus. Secondly, the magnetic exchange does not vary 
appreciably with dilution because the Co and Zn com- 
pounds have nearest-neighbor distances equal within 
0.1 % . These properties follow from the large separation 
of the metal ions (-9.5 A), and from the fact that they 
are ”encaged” in a surrounding of six C5H5N0 ligands, 
so that the lattice is insensitive to the particular 3d 
metal ion chosen. Thirdly, powdered samples of the 
mixed materials are relatively easy to prepare in any 

P pc 

Figure 26. Qualitative dependence on p of the magnetic ordering 
temperature of 3-D ferromagnets (I = Ising; H = Heisenberg). 

desired ratio and with random mixing. Indeed, it was 
found that the observed coefficients of the high-tem- 
perature Tm2 term of the specific-heat curves for the 
mixed compounds vary as p2. This is one of the few 
means available to prove experimentally that one is 
dealing with randomly diluted systems and not with 
mixtures of the separate (Co and Zn) phases. In the 
latter case T, would remain at  the same position, and 
the T2 tail would vary as p .  

Specific heat results for a number of p values are 
displayed in Figure 25. The specific heat curves for 
p < 0.7 are composed of a broad anomaly, characteristic 
for short-range order contributions, plus a small, X-type, 
long-range order peak at T,@). With decreasing p ,  the 
amplitude of this peak is considerably reduced and it 
becomes experimentally no longer observable for p < 
0.5. As shown in Figure 26, the plot of T J p )  vs. p 
appears to extrapolate well to the critical concentration 
(percolation limit) pc  = 0.31 for which one should have 
T,(pc) = 0. The experimental points are rather well 
described by the variation of Tc(p) predicted by the S.C. 

XY model. 
We show in Figure 25b representative experimental 

curves for samples with 0.11 I p 5 0.37. Here the 
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Figure 27. Magnetic specific heats of XY systems (S = l/J. Solid 
curves labelled S.C. and 1.c. are theoretical predictions for the simple 
cubic and linear-chain XY models, respectively. 

relative temperature kBT/IJ,,I has been used, with 
J,,/kB = -0.204 K. It appears that just for p = p c  the 
shape of the experimental specific-heat curve is indis- 
tinguishable from that of a linear-chain antiferromagnet 
with the same interaction Hamiltonian as the undiluted 
magnetic system. The solid curve through the data for 
p = 0.31 in Figure 25b represents the prediction for the 
antiferromagnetic chain with J, /Jz = 3.2. To be spe- 
cific, the horizontal scale for the tkeoretical curve is thus 
fixed by the exchange constant J Z y / k ~  = -0.204 K, Le., 
exactly the same as obtained for the pure magnetic 
system, whereas only the vertical scale is adjusted to 
obtain a coincidence with the experiment. The mul- 
tiplication factor needed for this adjustment was 0.31 
(the linear-chain curve has a maximum C,/R = 0.34), 
that is just equal to the concentration of magnetic ions 
in the sample. It is quite difficult to ascribe to mere 
chance the fact that precisely for p = pc the form of the 
curve, as well as its position on the Taxis, fully agree 
with the linear-chain prediction. As seen in Figure 27 
this is indeed not so for the other concentrations around 
pc  that were studied. 

In qualitative respect, the specific heat curves for p 
I 0.65 in Figure 25a are very reminiscent of what is 
found e~perimentallp~ for a quasi l-D XY magnet, i.e., 
a 3-D system of XY chains with interchain coupling J' 
much smaller than the intrachain interaction, J. In 
Figure 27 specific heat data on the S = XY linear 
chain compound CszCoC14 are compared with those for 
[CO(C~H~N~)~](C~~~)~ Also in the quasi l-D magnets 
a dimensionality crossover occurs, since the magnetic 
properties at  high temperatures are indistinguishable 
from purely l-D behavior, whereas at low temperatures 
the interchain coupling J' causes a transition to 3-D 
behavior.% Superimposed upon the broad chain specific 
heat curve, one findssg at  a low enough temperature a 
X-peak reflecting the transition to 3-D magnetic order 
at  T:d. (This is precisely the effect seen also in the 

P >  P, 
Figure 28. The structure of the infinite cluster according to the 
"nodes and links" model. The nodes, which are at distances of 
the order F p  are connected by macrobonds (bold lines), which form 
part of the backbone of the infinite cluster. The dangling ends 
(light lines) are not connected to infinity. The thermal correlation 
length f T  may be correlated to the intrachain correlation length 
Fld(7'), which behaves differently for the Isiig, XY, and Heisenberg 
types of interaction. 

curves of the Cu-C5H5N0 salts in Figure 20.) 
As we have already outlined e l s e ~ h e r e , ~ ~ l ~ ~ J ~  the 

analogies between these two physical problems, namely, 
the diluted 3-D magnet and the quasi-l-D magnet with 
weak interchain coupling, may be understood on the 
basis of the so-called nodes-and-links model describing 
the infinite cluster as p - pc.  In this m 0 d e 1 , ~ ~ J ~  the 
infinite cluster is represented by a network of l-D 
macrobonds, crossing at  nodes separated by distances 
of the order of the connectedness length 6, as sketched 
in Figure 28. This infinite cluster is a self-similar 
object, meaning that its basic structure is insensitive 
to the length-scale by which it is looked upon. 

For length scales tT smaller than EP, where ET is the 
thermal correlation length, this infinite cluster will 
behave as an object of fractal dimensionality; for length 
scales ET > [ it will behave as an ordinary 3-D system. 
Obviously, &r p - p c  one has .$, - m, so that with 
decreasing p ,  the transition from fractal to 3-D behavior 
occurs at  an increasingly lower temperature. Most im- 
portantly, the thermal length scale  will be driven by 
the correlation length along the macrobond, which, 
since the latter is of a l-D nature, will behave grosso 
modo as the intrachain correlation length f ld of the 
corresponding ideal chain system with the same inter- 
action hamiltonian. 

Evidently, the macrobonds connecting the nodes of 
the infinite cluster are not exactly chains but have some 
structure which, although essentially l-D in character, 
will differ the more from a single ideal chain the further 
p is above pc.  Thus, the shape of the broad anomalies 
seen in Figure 25 for p I 0.7 is not independent of p .  
The fact that for p - p c  the form of this anomaly is 
found to become well-described by the theoretical curve 
for an XY chain, as is shown in Figure 27 agrees quite 
well with the nodes-and-links model for the infinite 
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Figure 29. Susceptibility data on [ C O ~ Z ~ ~ , ( C ~ H ~ N O ) ~ ] ( N O ~ ) ~  
single crystals, for p = 0.28. The paramagnetic contributions of 
the isolated clusters have been subtracted. The solid curve 
corresponds to the XY, S = 1/2  linear chain, reduced by a factor 
of 

cluster, since the latter will become more and more 
"thready" as p approaches p c  by the divergence of tP. 
Below pc the specific heat anomaly will just be due to 
the contributions from the isolated finite clusters, the 
average size of which is expected to diverge for p - pc,  
marking the onset of the infinite cluster present above 
PC. 

The susceptibilities of the same system are currently 
under inve~tigation.~~ Some of the data are illustrated 
in Figure 29, where it will be seen that there is again 
a remarkable coincidence between experiment and the 
calculated behavior for a linear chain. 

In another diluted compounds of the iron 
salt, [FepZnl (C5H5N0)6] (c104)2 were investigated in 
order to stuxy the effect of dilution of the S.C. Ising 
magnet. Although the physical problem of percolation 
is the same as for the cobalt S.C. XY analogue, the 
thermodynamic behavior of the infinite percolation 
cluster was found to be completely different. This could 
again be satisfactorily explained on the basis of the 
temperature dependence of the fundamental length 
scale [Id, which drives the phase transition and which 
is basically different for the Ising case, where [Id is 
proportional to exp (J/kBT), as for the XY case, where 
f l d  is proportional to J/kBT.  As a consequence of the 
exponential dependence, the important short-range 
order effects which are seen to develop for the XY case 
for p values well above pc  already (Figure 25a) do not 
appear in the Ising case except very close to pc.  

Finally, we remark that a study on the mixed magnet 
[F~,CO,,(C~H,NO)~] (C104)2 has also been carried outy4 
Since the pure iron and cobalt salts have, respectively, 
Ising and XY anisotropy in the interaction (but both 
have S = one is dealing here with the problem of 
competing spin anisotropies. Qualitatively it may be 
explained as follows. The crystal field fixes the iron 
moments parallel to the c axis, whereas it forces the 
cobalt spins to lie in the plane perpendicular to it. Since 
the Fe2+-Co2+ exchange is very weak compared to these 
crystal-field anisotropies, the iron and cobalt moments 
are indeed "at right angles to one another". In case the 
iron-cobalt interactions can be written as the dot 
product of spin-vectors, this interaction therefore just 
vanishes. One has the remarkable situation of two in- 
terpenetrating magnetic subsystems which are not 
magnetically interacting. The iron subsystem experi- 
ences the Co2+ ions as paramagnetic impurities, and 
vice versa. The two subsystems order completely in- 
dependently of one another (in the range p > pc = 0.31 
for the Fez+ subsystem and p C 1 - p c  = 0.69 for the 

22. Reproduced with permission from ref 63a. 
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Figure 30. Specific heat of [ Gd(C6H5NO),] (C10&. Reproduced 
with permission from ref 76. 

Co2+ subsystem.) In the intermediate range 0.31 < p 
C 0.69, two independent phase transitions should thus 
occur, which effect was however difficult to detect in 
the reported specific heat studies due to the smallness 
of the A-anomaly for the diluted XY magnet for p 
values close to pc ,  as discussed above. 

G. Rare Earths 

Pyridine N-oxide (and its derivatives) coordinates 
readily with the rare earths. The crystal structures of 
the lanthanum and neodymium salts, [M- 
(C5H5N0)8] (C1OJ3, have been reported.75 Both mate- 
rials crystallize in two different monoclinic forms, space 
groups P21/a and C2/c, and both forms contain dis- 
crete, eight-coordinate [M(C5H5NO)8]3+ ions. The co- 
ordination geometry for one form is intermediate be- 
tween a cube and a square antiprism, while the second 
approximates the square antiprism. 

Magnetic studies on several of these salts have been 
initiated.76 The magnetic susceptibility of [Gd(C5H5N- 
O),] (C104)3 increases with decreasing.temperature in a 
Curie-Weiss fashion, the data above 1 K being de- 
scribed by the parameters (g) = 1.98 f 0.01 and 0 = 
0.046 f 0.05 K for S = 7/2.  The data go through a 
maximum at about 80 mK, and then decrease with 
decreasing temperature. The antiferromagnetic or- 
dering temperature is 70 f 2 mK. 

The specific heat results agree, a A-anomaly being 
observed with maximum at 70 f 1 mK. A shoulder on 
the high-temperature side of the data may be analyzed 
in terms of dipole-dipole interaction. The magnetic 
data are illustrated in Figures 30 and 31. It has also 
been found that [Gd(C5H5N0)8]13 orders at  70 mK. 
The crystal structures of the gadolinium salts have not 
as yet been determined. 

The low-ordering temperatures of the gadolinium 
salts illustrate as expected, that the superexchange in- 
teractions are weak in these rare-earth salts, and that 
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Figure 31. Magnetic susceptibility of polycrystalline [Gd(C5- 
HsNO)s](C104)3. Reproduced with permission from ref 76. 

the long-range dipoledipole interactions probably are 
the principal source of the magnetic interaction. 
Therefore this series of rare earth compounds should 
provide good examples of dipolar systems. This whole 
field is as yet still unexplored. 

VI, Other Systems 

Several other compounds with pyridine N-oxide as 
a ligand have been prepared. These include salts of the 
trivalent ions of chromium and iron, [M(C5H5N0)6]Xp 
The susceptibility of [Cr(C5H5N0)6](C104)3 has been 
reported to obey the Curie-Weiss law over the tem- 
perature interval 1.2-4 K with the parameters g = 1.99 
and B = -0.03 K,77 and the EPR spectrum of the iron 
compound has been reported.78 The zero-field splitting 
parameter D is reported as 0.36 cm-', and X = E/D = 
0.233, which suggests once again a large crystal-field 
distortion. Both compounds appear to be typical in 
their paramagnetic properties. No one has yet been 
successful in preparing large single crystals of either of 
these substances, nor has their crystal structure been 
reported. There are no low-temperature measurements 
on either compound. 

There are a number of compounds with stoichiometry 
such as [ C U ( C ~ H ~ N O ) X ~ ] ~  and [Cu(C5H5N0)2X212, 
where X is chloride or bromide, in which pyridine 
N-oxide serves as a bridging ligand between two copper 
ions. This provides an excellent superexchange path 
between the copper ions, and results in strong pairwise 
magnetic interaction. The molecular structure of the 
chloride compound is illustrated in Figure 32. The 
magnetic susceptibility behaves as anticipated for a 
dimer,'9 going through a maximum as the temperature 
decreases, and the data may be fit by the well-known 
Bleaney-Bowers equation for a mol of dimers, 

(7) 
2Ng2PB2 1 

3kBT 1-k y3 eXp(-2J/k~T) 
X =  

The magnetic properties of this system change as the 
4-position in the pyridine N-oxide ligand is substituted 
by other groups (nitro, methyl, etc.). The exchange 
constant (-W) is several hundreds of Kelvins, or more. 

One studys0 of interest concerns the set of dimers 
[CU(~-R-C~H~NO)~(NO~)~]~, where R = H, CH3, and 
OCH,. These materials appear to be binuclear with 
pyridine N-oxide groups bridging the metal ions,81 and 

Figure 32. Molecular structure of [ C U ( C ~ H ~ N O ) C ~ ~ ] ~ .  Repro- 
duced with permission from ref 79. Copyright 1956 American 
Institute of Physics. 

the nitrate ions complete the coordination sphere. The 
susceptibility and magnetization have been reported on 
powdered samples down to 1.7 K. Although there is no 
question about the binuclear character of these com- 
pounds, there is some controversy about the nature of 
the magnetic interactions. While HatfieldE2 maintains 
that these compounds contain  pin-^/^ pairs with an S 
= 1 ground state (i,e,, a ferromagnetic pair interaction 
of J / k B  N +7 K), this interpretation has been shown 
to be wrong in subsequent studies of Carlin and co- 
w o r k e r ~ . ~ ~  

VII. Concluding Remarks 

In the above we hope to have shown that notably the 
series of [M(C5H5N0)6]X2 compounds provides a re- 
markable set of magnetic model systems and that it 
yields a "magnetic matrix" comparable in value for 
magnetism as the well-known series of compounds 
AMF3, A2MF4, etc., mentioned in the introduction. The 
investigations summarized in this paper may be con- 
sidered as a preliminary survey of these materials. 
Quite a lot of interesting work remains to be done, both 
in the 3d metal pyridine N-oxide compounds and in the 
related lanthanide systems, which have only barely been 
investigated as yet. 

Besides their contribution to our understanding of 
basic magnetic ordering phenomena, these materials 
provide us with a number of beautiful examples of 
magnetostructural correlations and of superexchange 
interactions over long distances. The interest of these 
types of correlations reaches far beyond physics and 
magnetochemistry, notably to biochemistry as has re- 
cently been outlined in a NATO-ASI.2 Obviously, the 
set of interaction parameters arising from the M2+-0- 
--0-M2+ superexchange path for varying 3d metal ion, 
as obtained from these experiments, forms a challenging 
problem for theorists working on the calculations of 
superexchange interactions. 

In conclusion, the present series of magnetic com- 
pounds underlines the great potential importance of 
coordination and organometallic chemistry for provid- 
ing new and interesting materials to the solid state 
physicists and chemists. 
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