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isomerization as evidence against an electron-trans- 
fer process is probably a more valid use of this test. 

A test for an electron-transfer process based on the 
structural rearrangement of an initially formed anion 
radical appears to be useful with certain cyclopropyl 
enones. Provided the rate of rearrangement of the cy- 
clopropyl ketone is sufficient, this experimental test 
offers compelling evidence for an anion-radical inter- 
mediate. Since this experimental probe also provides 
information about the lifetime of a radical-anion in- 
termediate, hopefully a series of cyclopropyl ketones 
can be found whose anion radicals rearrange at  sig- 

nificantly different rates. Finally, the use of an enone 
whose anion radical is capable of eliminating an an- 
ionic substituent also offers compelling evidence for 
the presence of an intermediate formed by initial 
electron transfer. 
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A paramagnetic transition-metal compound con- 
tains ions with unpaired electron spins. It is attracted 
into a magnetic field, whereas diamagnetic com- 
pounds have filled shells and are repelled by a field. 
Quantitative measurement of this effect is conve- 
nient for diagnosis, since the degree of attraction into 
a field, the susceptibility, is proportional to the num- 
ber of unpaired electrons. Thus, magnetic properties 
at  high temperatures (that of liquid nitrogen and 
above) are often used in a subsidiary fashion in order 
to help characterize a transition-metal compound. 

Paramagnetism is a single-ion effect in that, given 
the electronic structure of the constituents, the sus- 
ceptibility may be calculated exactly by straightfor- 
ward thermal averaging pr0cedures.l The interac- 
tions between ions are negligible. 

A simple model of a paramagnet suggests that the 
field aligns the spins parallel to it, while thermal agi- 
tation opposes this alignment, and leads1 to the Curie 
law, which says the susceptibility is inversely propor- 
tional to temperature. The Hamiltonian used is the 
usual Zeeman one, 

* 

= gbBszHz (1) 
where g is a splitting constant, characteristic of a 
given system, is the Bohr magneton, H, is the 
magnitude of the field, and S, is the usual spin oper- 
ator. The Curie law is then found1 as 

Richard L. Carlln, a native of Massachusetts, has been associated with 
only two universities. He began his study of chemistry at Brown, and contln- 
ued it at the University of Illinois at Urbana. He returned to Brown in 1960. 
this time on the faculty. and then returned to Illinois in 1987, but in this case 
to the new University of lllsnois at Chicago Circle. His research concerns the 
electronic structure of transition-metal complexes. and he is editor of the re- 
view series, “Transition Metal Chemistry.” He spent the 1973-1974 year on 
sabbatical leave at the University of LeMen, and continues to collaborate with 
the members of the Kamerlingh Onnes Laboratory. 

Ng2pB2S(S + 1) 
3kT X =  

where N is Avogadro’s constant, S is the spin of the 
ion, and k is the Boltzmann constant. 

The magnetic susceptibility of a typical Curie law 
paramagnet, manganese Tutton salt, is illustrated in 
Figure la. This is the behavior typical of all isotropic 
materials a t  temperatures high with respect to any 
magnetic interactions, such as magnetic exchange, 
between the ions. Other substances, such as copper 
salts, obey the Curie law but with susceptibilities an- 
isotropic because of g-value anisotropy. In order to 
observe this effect it is necessary to measure oriented 
single crystals, especially since there is more than one 
source of magnetic anisotropy, as we shall see. 

A more important paramagnetic anisotropy arises 
when zero-field splittings occur,l that is, when the 
ground state may not be described only by the total 
spin, S. When the ground state of a system has spin 
degeneracy, such as with the 3A2 state of vanadi- 
um(III), an axial distortion described by the spin 
Hamiltonian, 

(3 )  
where D is the zero-field splitting parameter, can re- 
solve the system into a doubly degenerate m = f l  
state, separated Dlk in energy from the m = 0 state. 
Note that D/k not only has magnitude, but also sign. 

As is illustrated in Figure lb ,  at  temperatures high 
with respect to D/k the susceptibilities are Curie- 
like, but susceptibilities measured parallel and per- 
pendicular to the axis of quantization at  tempera- 
tures comparable to D/k are different and quite un- 
like Curie behavior. A representative system with be- 

3f = D [ S z 2  - )sS(S + I)] 

(1) R. L. Carlin, J. Chem. Educ., 43,521 (1966). 
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havior like this2 is [C(NH2)3]V(S04)2.6H20. The only 
parameters required to fit such data are the g values 
and the zero-field splitting. 

As the temperature decreases, the magnetic inter- 
actions generally become more important, the exact 
temperature of concern varying with the particular 
compound. The discussion of this Account is restrict- 
ed to transition-metal complexes for which effects 
arising from magnetic exchange may be observed in 
the region below 20 K. Other compounds exist for 
which the temperature region where magnetic inter- 
actions are important covers the whole accessible 
scale of temperature. 

A major reason for investigating magnetic systems 
a t  lower temperatures is that the magnetic contribu- 
tion to the particular effect being measured is gener- 
ally much larger. Exchange interaction is usually 
measured by a parameter called the exchange con- 
stant, J ,  conveniently expressed as J/k,  in units of 
degrees. When the ratio JlkT M 1, then the sample is 
in the temperature region where exchange is impor- 
tant. 

A well-known example is copper acetate monohy- 
drate,3 the prototype of a common behavior in copper 
salts. A dimer is found, and the two unpaired spins, 
one on each of the two metal ions, interact with one 
another antiferromagnetically. This means that the 
spins pair in the ground state, which is then a spin- 
singlet, and there is a spin-triplet -2Jlk in energy 
above the singlet. The factor of -2 is used to follow 
convention,l and in Cu(OAc)z.H20 the triplet is some 
408 K or 285 cm-l above the ground state. The ob- 
servable result is that the susceptibility has a broad 
maximum at about 255 K, and falls to zero as the 
temperature decreases further. 

The Hamiltonian in general use for spin-spin in- 
teraction may be written in the form 

where S is the spin on each ion i and j that interact. 
Even in extended or three-dimensional lattices, near- 
est-neighbor interactions usually predominate. This 
notation allows for antiferromagnetic (AF) interac- 
tion ( J  < 0) or ferromagnetic interaction ( J  > 0). As 
illustrated above with copper acetate, AF interac- 
tions cause spins on adjacent sites to align oppositely 
giving, to a first approximation, a completely ordered 
ground state with no net magnetic moment a t  0 K. 

In a ferromagnetic system the spins are also or- 
dered, but in a parallel fashion that results in a large 
net moment in the ordered state. I t  is important to 
note that ordering is a spontaneous effect in zero 
magnetic fields, independent of all external condi- 
tions except temperature. 

It is convenient to consider a three-dimensional AF 
as consisting of (at least) two interpenetrating lat- 
tices on each of which all the spins are aligned simi- 
larly, but oppositely to those on the other sublattice. 
The direction in the crystal which is parallel to the 
direction of spin alignment is called the preferred 
axis. Most of our discussion of ordered systems will 

( 2 )  J .  N. McElearney, R. W. Schwartz, S. Merchant, and R. L. Carlin, J .  

( : I )  H. Rleaney and K. D. Bowers, Proc. R. SOC. London, Ser. A, 214, 451 
(‘hr,m. Phy., 55,  466 (1971). 
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Figure 1. (a) Susceptibility of a Curie law magnet; (b) typical par- 
allel and perpendicular susceptibilities for a zero-field splitting of 
3 K; (c) typical susceptibility behavior of an antiferromagnet; (d) 
typical susceptibilities, parallel and perpendicular to the axis of 
spin alignment, of a linear chain antiferromagnet. 

be limited to AF ones. 
In contrast to paramagnetism in insulators, anti- 

ferromagnetism is a cooperative phenomenon. This 
many-body problem has made theoretical investiga- 
tion of the phenomena associated with AF ordering 
difficult until recently. The transition from paramag- 
netic behavior at  high temperatures to an AF or long- 
range ordered spin structure at  some lower tempera- 
ture, T,, often called a NQel or critical temperature, is 
in fact a phase transition which occurs over a very 
small temperature interval. A variety of anomalies 
are associated with this phase transition, and some 
are discussed below. For reasons of space, our discus- 
sion is limited to information derived from specific 
heats and susceptibilities, but other techniques such 
as NMR and neutron diffraction illuminate further 
details of spin structures in ordered  material^.^ 

Much of the recent interest in magnetism a t  low 
temperatures arises from a more basic interest in the 
general phenomenon of phase transitions. Many of 
these seem to have similar characteristics, whether 
the transition is a magnetic one, solid-liquid, order- 
disorder in an alloy, or so on. Detailed calculations on 
observable phenomena close to the critical point have 
been carried out recently for a variety of models, 
some of the variables being the dimensionality of the 
interactions, the degree of anisotropy of both the sin- 
gle contributing particles as well as of the interac- 
tions, and also the sign of the interactions. Since 
magnetic systems often offer the most convenient cir- 
cumstances for the testing of such model calcula- 
tions, ferromagnetic and antiferromagnetic long- 
range orderings are perhaps the best known examples 
of cooperative behavior. 

The Hamiltonian of eq 4 may be used to character- 
ize anisotropic exchange in the following fashion, be- 
ginning by an expansion of the dot product as 

(4 )  L. J. de Jongh and A. R. Miedema, Adu.  Phys., 23, l  (1974). 
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The highly anisotropic coupling obtained in the limit 
of Jry = 0 is called the Ising model, while the case J ,  
= JXy corresponds to the isotropic Heisenberg model. 
The anisotropic model obtained with J, = 0 is called 
the XY system. Most calculations have been carried 
out on one of these three extreme models. Most real 
systems fall somewhere in between. The choice of the 
appropriate model to apply to a set of experimental 
data is sometimes a case of trial and error, though 
ions with isotropic g values usually provide Heisen- 
berg systems, while highly anisotropic g values often 
imply Ising behavior. Only a few XY magnetic sys- 
tems have as yet been discovered. Note that the dis- 
cussion thus far ignores the dimensionality of the in- 
teractions. 

The third type of common susceptibility behavior, 
that representative of an AF transition in a three- 
dimensional lattice, is illustrated in Figure IC. At  
temperatures high with respect to the ordering tem- 
perature, T,, the susceptibilities are Curie-like. As T, 
is approached from above, short-range ordering of 
spins occurs, and the susceptibility begins to round 
off and then splits into two anisotropic susceptibili- 
ties that diverge dramatically just above T,. Suscep- 
tibilities parallel to the preferred or easy axis fall to 
zero as T - 0 K, and the perpendicular susceptibility 
remains constant. 

The subject of short-range order or lower dimen- 
sionality is introduced by the curves in Figure Id. 
The term “short-range order” is often applied when 
magnetic exchange occurs in isolated clusters such as 
copper acetate, or in only one or two dimensions such 
as would occur, respectively, with isolated chains or 
planes of magnetic ions. These phenomena, long 
thought to be merely an interesting theoretical con- 
struct, have recently been shown to occur4 over wide 
temperature intervals in a variety of magnetic crys- 
tals. In the curve illustrated, an Ising system of spin 
%, anisotropic non-Curie behavior occurs. Examples 
have been given elsewhere4 of the behavior to be ex- 
pected as a function of lattice dimensionality, spin 
value, and exchange anisotropy. Note that while ex- 
change causes the particular behavior described here, 
the system remains in the paramagnetic region. 

The theory of paramagnetic susceptibilities is in 
such good condition that not only must a f i t  of exper- 
imental data illustrate the correct qualitative behav- 
ior, but quantitative agreement of experiment and 
theory must be found. An example is offered by Ca- 
Cu(OAc),p6HaO, a system of interest because it con- 
tains isolated chemical chains, and the copper atoms 
are eight-coordinate. The susceptibilities over the 
temperature range 80-300 K were interpreted on the 
basis of Fisher’s linear chain Ising model, with a 
value of the exchange parameter Jlk = -1.4 K. An 
examination5 of the susceptibilities in the tempera- 
ture region 1.5-20 K, a temperature interval where an 
exchange contribution of this magnitude should 
make a more significant contribution to the total sus- 
ceptibility, in fact showed that exchange (linear chain 
or otherwise) is not important above 1.5 K. 

Experiments in the author’s laboratory6 are carried 
( 5 )  J N McElearney, D B Losee, S Merchant, and R L Carlin, J 

(6) J N McElearney, D B Losee, S Merchant, and R L Carlin, Phys 
(‘hem P h y s ,  54,4585 (1971) 

H P U  R,  7,3314 (1973) 
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Figure 2. Phase diagram for a typical antiferromagnet. 

out at zero external magnetic field (“zero field”) be- 
fore they are continued in the presence of a (magnet- 
ic) field. The reasons for this are several, an impor- 
tant one being that moht. of the thermodynamic theo- 
ry which one uses for the analysis of these data has 
been obtained in the limit of zero field. But, as soon 
as the cooperative phenomenon of magnetic ordering 
becomes of concern (and it can scarcely be avoided a t  
low temperatures), it becomes imperative to have 
zero-field data. For example, since ferromagnetically 
aligned spins are already strongly magnetized spon- 
taneously, application of an external field causes the 
net magnetic moment to follow the field readily, thus 
aligning the spins with the field and destroying the 
paramagnetic (P) to ferromagnetic (F) transition. 

Or consider the phase diagram in the magnetic 
field-temperature plane illustrated in Figure 2 for a 
typical antiferromagnet with weak exchange anisot- 
ropy. The critical temperature T ,  at H = 0 is simply 
the NBel temperature already referred to. As the 
strength of the external field increases from zero, the 
spins tend to align more with the field, and so, in 
order to offset this effect by decreasing thermal agi- 
tation, the long-range ordering temperature usually 
decreases. The result is a boundary between the AF 
and P states. 

A third region, called the spin-flop (SF) phase, will 
also be noted on the diagram. When the magnetic 
field is applied parallel to the preferred axis of the 
antiferromagnet, the SF phase occurs at a certain 
critical field, when the spins change their orientation 
(flop) from parallel to the field to perpendicular. 
This occurs because the free energy of an ordered 
system is lower when the spins are aligned perpendic- 
ular to the magnetic field and when the field is strong 
enough to overcome the exchange energy between the 
spins. Since there is also a boundary between the SF 
and P regions, there is also a triple or hicritical 
point.4 

In other words, when the external field is stronger 
than all of the internal fields (e.g., exchange, single- 
ion anisotropy) the system reverts to a saturated 
paramagnetic one where the spins are aligned (non- 
cooperatively) by the effect of large external field and 
low temperature. Such phase diagrams have been ob- 
tained recently for a number of systems and point to 
the hazards involved in the determination of magnet- 
ic properties without due consideration for the ef- 
fects of the field. One of the compounds discussed 
below undergoes a magnetic transition at 64 Oe, 
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Latt ice-Ai  Alum 
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while Mn(OAc)z.4H20 undergoes a transition7 a t  a 
mere 6 Oe! 

I t  is usually useful if a magnetic investigation can 
be carried out on a series of related compounds, or, 
preferably, a series of isomorphous compounds. Mag- 
netic ions in identical surroundings will have their 
own idiosyncrasies, such as varying degrees of single 
ion anisotropy. The investigation of a series allows a 
more complete characterization of the magnetic phe- 
nomena. 

Typical Specific Heat Behavior 
An investigation of a magnetic system is not com- 

plete without a companion measurement of the spe- 
cific heats. Since the magnetic contribution to the 
specific heat is often masked by the lattice contribu- 
tion at high temperatures, this phenomenon provides 
further justification for limiting the examination of 
magnetic compounds to those which exhibit magnetic 
effects only a t  low temperatures. Examples of typical 
phenomena appear in Figure 3. 

We begin with a discussion of the measured8 spe- 
cific heat of aluminum alum, a diamagnetic com- 
pound that offers an example of a lattice specific 
heat. Of necessity, the lattice (Le., nonmagnetic) vi- 
brational part always contributes in a magnetic sys- 
tem, and must be separated in some fashion in order 
to obtain the more interesting and relevant magnetic 
contribution. Aluminum alum and many other sub- 
stances obey a T3 limiting law for the specific heat at 
low temperatures, and this often facilitates its evalu- 
ation. A procedure often used when the magnetic and 
lattice parts seriously overlap is to find a nonmagnet- 
ic compound isomorphous to the magnetic compound 
of interest, and to use the measured specific heat of 
the nonmagnetic compound to calculate the lattice 
contribution of the magnetic compound by means of 
a corresponding states procedure such as first intro- 
duced by Stout and C a t a l a n ~ . ~  

Concentrating only on the magnetic contribution, 
Figure 3b illustrates the specific heat anticipated for 
an S = 1 system with zero-field splitting. A broad 
maximum is found, with the value of C, a t  the maxi- 
mum depending only on the relative degeneracies of 
the states involved. The temperature a t  which the 
maximum in this curve, which is often called a 
Schottky anomaly, occurs in turn depends on the 
magnitude of the splitting. Thus, one parameter 
alone (the parameter D l k ,  with both sign and magni- 
tude) is required to fit the data. An example was sup- 
plied by another compound containing trivalent va- 
nadium,1° V(urea)s Br3.3Hz0. 

Perhaps most familiar is the A-shaped curve (Fig- 
ure 3c) which is found a t  a long-range order transi- 
tion temperature. This curve is generally very sharp, 
and the exact shape of i t  very close to the transition 
temperature has interested solid-state physicists.ll 

The specific heat calculated for a one-dimensional 
Ising lattice is illustrated in Figure 3d, where it will 
be noticed that, although a broad maximum occurs, 

C) 

Phase Transit ion 

( 7 )  K. D. Spence, J .  Chem Phys., 62, 3659 (1975). 
18) 11. G. Kapadnis and R. Hartmans, P h y m a ,  22,173 (1956). 
(9 )  ,J. W. Stout and E. Catalano, J .  Chem. Phys., 23,2013 (1955). 
(10) .I. N. McEiearney, R. W. Schwartz, A. E. Siegel, and R. L. Carlin, J .  

(11) R. F. Wielinga, Prog. LCJW Temp. Phy"., 6, 333 (1971). 
A m .  (,'hemI. SIJC., 93, 4337 (1971). 
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Figure 3. Typical specific heat behavior. 

there is no sharp A-like behavior: a one-dimensional 
magnet can undergo long-range order only a t  0 K. Or, 
to put it differently, all the entropy of ordering is ac- 
quired in the paramagnetic region. The classic calcu- 
lation of Onsager12 for a rectangular Ising lattice with 
varying degrees of anisotropy showed that a sharp 
spike occurs in the specific heat whenever there is 
any interchain exchange introduced within a system 
of magnetic chains. 

Examples have been given elsewhere4 of the behav- 
ior of the specific heat of a magnetic system as a 
function of lattice dimensionality, spin value, and ex- 
change anisotropy. I t  is noteworthy that the value of 
the lattice dimensionality (1, 2, or 3) is more impor- 
tant for changes in the specific heat than is the struc- 
ture of the particular lattice. 

Nickel Chloride Tetrahydrate 
Several of the phenomena discussed above are il- 

lustrated by NiC12.4H20. This crystal, which is little 
known because it must be grown at 50 "C, is isomor- 
phic at room temperature to the well-known MnC12. 
4H20, which is monoclinic and contains relatively 
distorted cis octahedra. The temperature-depen- 
dence of specific heat of NiCly4H20 is illustrated in 
Figure 4. Its most prominent feature, the A-like peak 
a t  2.99 K, suggests the onset of long-range order a t  
that temperature. 

The drop-off of the specific heat above the transi- 
tion is not as sharp as in most A-type transitions and 
indicates the presence of a Schottky anomaly in that 
region. The specific heat could be fit adequately 
above T,, assuming contributions from three sources: 
(a) a lattice term proportional to T3; (b) a magnetic 
term (fall-off of the A peak, due to unspecified short- 
range order effects) proportional to T-2; and (c) a 
Schottky term resulting from the splitting of the 3A2 
ground state of the nickel ion. For a spin -1 system, 
the magnetic ordering process and Schottky term in- 
volve a total entropy change of A S  = R In (2s f 1) = 
R In 3. Integration of the magnetic portions of the 
heat capacity should, and in this case does, *add up to 
the correct calculated value of the entropy. 

The three orthogonal susceptibilities of NiC12. 
4H20 are shown in Figure 5. One important feature is 
(12) I, Onsager PhL, K P L  65,117 (1944) 
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the anisotropy which exists over the entire tempera- 
ture region, indicating the same large zero-field split- 
ting observed in the specific heat measurements. The 
second is the general relative behavior of the three 
curves: the leveling off of the susceptibility in two di- 
rections and its dropping in the third as the tempera- 
ture falls below about 4 K. This behavior is typical of 
antiferromagnetic ordering and implies that the spin 
alignment is along the c axis. The inflection point in 
the c-axis (or parallel) data lies very close to the tran- 
sition temperature observed in the heat capacity 
measurements. What is of especial importance is that 
the susceptibility data were fit with the same set of 
parameters as were found from analysis of the 
Schottky term in the specific heat. The large anisot- 
ropy in the paramagnetic region, in particular, was 
reproduced by the fitting process. 

The significance of this investigation of NiClY 
4Hz0 is the following. It is isomorphic to MnC12. 

4H20 (and, incidentally, also to MnBr2-4H20), which 
is one of the most widely investigated antiferromag- 
nets. The introduction of the new material, NiC12. 
4H20, allows the investigation of the effects of a 
change in spin and the addition of a large zero-field 
splitting on the magnetic ordering observed in 
MnC12.4H20. For example, the transition tempera- 
ture for the nickel compound is higher by a factor of 
1.84 than that of the manganese compound, an in- 
crease that is just the opposite of the simple molecu- 
lar field model prediction. However, if crystalline an- 
isotropy and nearest and next-nearest neighbor ex- 
change interactions are taken into account, an in- 
crease in crystalline anisotropy should increase the 
transition temperature when the exchange interac- 
tions are held constant.6 I 

[(CH3)3NH]MX3*2H20 
This new series of compounds of the divalent met- 
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Figure 6. Crystal structure of [ ( C H ~ ) ~ N H ] C O C ~ ~ * ~ H ~ O . ~ ~  

als promises to provide a great deal of information on 
the magnetic properties of low-dimensional sys- 
t e m ~ . ~ ~  The wide variety of behavior that is found 
here is shown by the fact that the Co-C1 compound is 
a spin -l/2 Ising system,14J5 the Cu-C1 system is a 
spin -Y2 Heisenberg system,16-18 and the Mn-C1 and 
Mn-Br systems are spin -5/2 Heisenberg  system^;^^,^^ 
the nickel system21 has recently been prepared, and 
the characteristics of this spin -1 system remain to 
be explored. 

All of these compounds have the same molecular, 
but not crystallographic, structure. The Co-C1 sys- 
tem is orthorhombic,14 the Cu-C1 system is monocli- 
nic (though the angle ,!3 differs from 90° by only 20),16 
and the Mn-C1 system is also orthorhombic.lg The 
structure, illustrated in Figure 6, consists of dichloro- 
bridged cobalt atoms linked into infinite chains par- 

(13) J. N. McElearney, G. E. Shankle, D. B. Losee, S. Merchant, and R. 

(14) D. B. Losee, J. N. McElearney, G. E. Shankle, R. L. Carlin, P. J. 

(15) R. D. Spence and A. C. Botterman, Phys. Reu. A, 9,2993 (1974). 
(16) D. B. Losee, J. N. McElearney, A. Siegel, R. L. Carlin, A. A. Khan, J. 

(17) C. R. Stirrat, S. Dudzinski, A. H. Owens, and J. A. Cowen, Phys. Reu. 

(18) H. A. Algra, L. J. de Jongh, H. W'. J. Blote, W. J. Huiskamp, and R. 

I,. Carlin, ACS Symp. Ser. ,  No. 5,194 (1974). 

Cresswell, and W. T. Robinson, Phys. Reu. A, 8,2185 (1973). 

P. Roux, and W. J. James, Phys. Reu. 8, 6,4342 (1972). 

R, 9,2183 (1974). 

L. Carlin. Phvsica. 78.314 (1974). . "  
(19) S. Merchant, J, N. McElearney, G. E. Shankle, and R. I,. Carlin, 

(20) P. R. Newman, J. A. Cowen, and R. D. Spence, AIP Crinf. Proc., No. 
Physica, 78,308 (1974). 

allel to the crystallographic b direction; two trans 
water molecules complete the coordination sphere of 
each octahedral metal atom. A third chlorine atom 
lies between the chains, linking them into a planar 
structure by hydrogen bonding. It is this effect which 
gives to the chains the anisotropic two-dimensional 
magnetic structure of the compounds. The trimethyl- 
ammonium groups lie between the planes and effec- 
tively isolate one from another. 

The susceptibilities16 of the copper compound be- 
tween 1.5 and 20 K show no unusual features and 
obey the Curie law, showing that this compound be- 
haves as a simple paramagnet. The specific heat re- 
sults are consistent with this, being featureless above 
3 K, and are attributed to a lattice contribution 
alone. The specific heat begins to rise a t  low temper- 
atures, and the X peak has been observed at  0.165 f 
0.005 K.18 The ~usceptibil i t ies~~ below 0.45 K con- 
firm that the system orders antiferromagnetically a t  
T, = 0.157 f 0.003 K. Large values of the peak sus- 
ceptibility were observed and judged to be consistent 
with a strong two-dimensional ferromagnetic interac- 
tion above Tc. The data were fit with a Heisenberg 
model of this sort with Jlk = 0.28 K and an interpla- 
nar exchange constant an order of magnitude smaller 
and of opposite sign. On the other hand, the specific 
heat is more characteristic of one-dimensional inter- 
action,18 and the susceptibilities have been reinter- 
preted with this model. 

What is surprising is how weak the exchange is in 
this salt, and that such a low transition temperature 
is observed. The compound CuC12.2H20 ( T ,  = 4.36 
K) has chemical chains similar to those found in 
[ ( C H ~ ) ~ N H ] C U C ~ ~ . ~ H ~ O ,  and yet there the exchange 
constant has the value J/k  -5.5 K. The compound 
CuCl~.2py (Tc = 1.130 K) exhibits22 a broad maxi- 
mum a t  17.5 K in the susceptibility which is charac- 
teristic of an antiferromagnetic linear chain. This 
compound, which also contains dichloro-bridged cop- 
per atoms but has two trans pyridine molecules, has 
an intrachain Jlk = -13.2 K. The compound with 
the most structural asymmetry in the (-CuC12-) unit, 
i.e., CuC12.2CjHsN, has the largest exchange, while 
the least asymmetric unit, [ ( C H ~ ) ~ N H ] C U C ~ ~ . ~ H ~ O ,  
displays the least amount of exchange along the 
chemical chain.16 Thus, small changes in the coordi- 
nation geometry are associated with profound 
changes in the exchange to the point where even the 
sign of the exchange has been reversed. 

The Co-C1 compound is the best understood exam- 
ple in this series. It orders antiferr~magneticallyl~ at  
4.135 K, as determined from the specific heat curve. 
The evaluation of the lattice heat capacity above this 
temperature was carried out by a corresponding 
states procedure using the copper analog as the non- 
magnetic material; as was mentioned above, the spe- 
cific heat of the copper compound through this tem- 
perature region is due to the lattice alone. The co- 
balt(I1) ion is a spin -3/2 ion in the helium tempera- 
ture region because of the resolution of its degenera- 
cy by spin-orbit coupling. Upon integrating the spe- 
cific heat in order to obtain the entropy, only 8% of 

( 2 2 )  K. Takeda, S. Matsukawa, and T. Haseda, J .  Phys. SOC. J p n ,  30, 
1330 (1971): W. Duffy, Jr., J. E. Venneman, D. L. Strandburg, and P. M. 
Richards, P h y s  Reu. R, 9, 2220 (1974). 

18,391 (1974). 
(21)  J. N. McElearney, unpublished 
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the theoretical maximum entropy for a mole of cobalt 
ions has been acquired at the transition temperature. 
Thus, substantial short-range order persists in this 
compound above T, and is an indication of the low- 
ered lattice dimensionality of the magnetic spin sys- 
tem. This was suggested by the structure. 

Because of the large anisotropy in the g values of 
cobalt, it is often an Ising ion at  low temperatures. 
Since the crystal structure shows the compound to 
consist of sheets of cross-linked infinite chains, the 
magnetic specific heat of [ ( C H ~ ) ~ N H ] C O C ~ ~ . ~ H ~ O  
was successfully fitted to Onsager’s solution12 for the 
specific heat of an anisotropic two-dimensional 
(anti-) ferromagnet. The exchange parameter I J/kJ 
equals 7.7 K, with a ratio of 1 J/J’I of approximately 
100. 

Although Co(I1) in an octahedral environment usu- 
ally exhibits magnetic anisotropy, the single-crystal 
magnetic susceptibilities of [(CH3)3NH]CoC13*2H20 
show an exceptional anisotropy, with dramatically 
different behavior of each principal axis susceptibili- 
ty. A t  4.33 K, just above T,, the susceptibility mea- 
sured along the chemical chain is approximately 
l/&oth of that measured perpendicular to the chain 
along the c axis. Below about 3 K much of the anisot- 
ropy disappears; xa and Xb remain constant with de- 
creasing temperature, while xc tends to zero. At least 
in the lowest temperature region, the susceptibility 
behavior appears similar to that of an antiferromag- 
net in the ordered state, with xc behaving as xi1 and 
X a  and x b  as XI. 

However, it was obvious upon consideration of the 
measured magnitudes of xa and xc at higher temper- 
atures that the transition occurring in this compound 
is not a simple paramagnetic to antiferromagnetic 
one. Since the problem of calculating the susceptibili- 
ty of an anisotropic two-dimensional magnetic sys- 
tem has not been solved yet, and since the specific 
heat results indicated exchange between the cross- 
linked chains in [(CH3)3NHlCoC1~2H20 to be rela- 
tively small, the susceptibility results were examined 
using equations based upon isolated, noninteracting 
Ising linear chains. It is remarkable that Xb could be 
fit throughout the whole temperature region, and xc 
above the transition temperature, with the exchange 
constant determined independently from the specific 
heat results, J/k = +7.7 K. Note that the positive 
sign is now required for the interaction constant, 
implying that the material consists of ferromagneti- 
cally oriented chains. Confidence in the procedure is 
gained from an independent measurement of the g, 
value and magnetic structure by NMR methods.15 

The Xa data were not as easily fit, and a clue to the 
reason was given by the behavior of xa below 4.3 K. A 
region of large, nearly constant susceptibility was ob- 
served, indicating the presence of a net moment 
along the a axis. Such behavior might well be expect- 
ed for a canted spin system which is weakly ferro- 
magnetic. In fact, behavior similar to that of xa in the 
paramagnetic region was predicted by M ~ r i y a , ~ ~  by 
the introduction of an antisymmetric exchange term 
in the Hamiltonian. 

The addition of this term allowed a satisfactory fit 
of the X a  data, and allowed a postulation of the spin 

(23) T Moriva, Phya R w  , 120,91 (1960) 

structure14 which has been confirmed by NMR meth- 
o d ~ . ~ ~  The spin structure consists of ferromagnetical- 
ly aligned chains which are weakly coupled antifer- 
romagnetically. There is a weak moment in the ac 
plane, obtained by a canting along a. The source of 
the canting is the large g-value anisotropy, coupled 
with the tilting of the g-tensor axes with respect to 
each other. Deuteration to form [(CH3)3ND]CoC13. 
2D20 causes a negligible change in the ordering tem- 
perature which is consistent with this spin struc- 
t ~ r e . ~ ~  

Metamagnetism is a phenomenon that occurs in a 
highly anisotropic system, which causes the spin-flop 
region (Figure 2) to shrink to zero area. Application 
of a magnetic field then causes, at a certain critical 
field, an abrupt transition to a paramagnetic system. 
A field of only 64 Oe (below 2.5 K) has been found15 
to cause such a metamagnetic transition in 
[ ( C H ~ ) ~ N H ] C O C ~ ~ . ~ H ~ O ,  while a field of 120 Oe is re- 
quired for the bromide. 

Much the same story applies to the similar manga- 
nese  compound^;^^ a broad peak appears in the heat 
capacity a t  low temperatures, with some 80% of the 
magnetic entropy being obtained above the long- 
range ordering temperature. The susceptibilities be- 
come anisotropic a t  low temperatures, and a canted 
antiferromagnetic structure obtains. The Mn-Br sys- 
tem likewise becomes metamagnetic in a field of 
some 1200 Oe.20 The analysis of the data in terms of 
exchange parameters is difficult because of the large 
spin value, but approximate values are a~ai1able.l~ A 
further problem concerns the canting and the 
strength of the Moriya interaction, which should be 
proportional to the g-value anisotropy, which is well 
known to be very small for manganese(I1). Since the 
interaction is large here, these results suggest that a 
more complicated situation occurs. 

Manganese Chloride Dihydrate 
This substance has a chemical or structural linear 

chain which exhibits, by chance, isotropic magnetic 
behavior. As with the trimethylammonium series de- 
scribed above, the compound consists of chains of 
edge-sharing trans-{MnC14(0H~)~] octahedra. Spe- 
cific heat measurements indicated a magnetic phase 
transition a t  6.68 K and lacked magnetic linear chain 
characteristics, thus suggesting interchain and intra- 
chain exchange to be of comparable magnitude. 
NMR measurements determined the spin structure, 
in which the chains are antiferromagnetically cou- 
pled. The magnetic susceptibilityz5 confirms these 
results, for it exhibits behavior that is very similar to 
that of systems with isolated monomers in which 
there is little short-range magnetic order above T,. 
The data were fit successfully, with the resulting pa- 
rameters for intrachain and interchain exchange 
being indeed equal within experimental error. 

Replacement of the trans water molecules by ei- 
ther pyrazole or pyridine ligands serves26 to push the 
linear chains further apart and thus to increase the 
magnetic chain behavior. The intrachain exchange 

(24) R L Carlin, C J O’Connor, and S N Bhatia, Ph,\ L ~ t t  A ,  50.47.1 
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constant for MnC1~2py is within a factor of two of 
that for MnC12-2H20, but the ratio of IJ'lJI decreases 
from about 1 in MnCl2.2H20 to 1.5 X in 
MnC12.2py. 

Discussion 
Only a few problems'have been touched upon here, 

in an attempt to show that there is a correlation be- 
tween molecular structure and magnetic properties, 
especially magnetic exchange interactions. One of the 
serious remaining problems is to correlate exchange 
energies with such variables as the particular metal 
ion involved, the distance separating the metals, the 
nature of the intervening ligands, and the geometry 
of the metal-ligand-metal unit. Those topics fall 
within the theory of superexchange interaction, of 
which the most recent advance concerns the 180' su- 
perexchange in some iron series  fluoride^.^^ A corre- 
lation between the metal-ligand-metal bonding 
angle and the exchange interaction in a series of cop- 
per dimers has been noted.28 

More new model systems remain to be discovered, 
especially examples of the XY model, which requires 
a special anisotropy. The only one-dimensional XY 
magnet to date is26 ( N ~ H ~ ) ~ C O ( S O ~ ) ~ ,  while CoC12- 
6H2O and CoBr2.6H20 appear to be two-dimensional 
examples of this Of great current interest is 
the recent discovery30 that [Co(CgH5N0)6] (C104)2 is 
an example of the spin -l4, simple-cubic, XY model 
magnet. Since it has been suggested31 that liquid he- 
lium is also a spin -l/2, XY model material near its X 
transition, that would make the pyridine N-oxide 
compound a magnetic analog of liquid helium. 

Several other comparisons may yet be made. For 

(27) L. J. de Jongh-and R. Block, Phy,ica, in press. 
(28) W. E. Hatfield, ACS Symp.  Sei-., No. 5,108 (1974). 
(29) J. W. Metselaar, L. J. de Jongh, and D. de Klerk,  physic^ B, 79, 53 

(1975). 
(30) R: L. Carlin, C. J .  O'Connor, and S. N. Bhatia, J .  Am. Chem. Soc., 

98, 685 (1976); H. A. Algra, L. J. d e  Jongh, W. J. Huiskamp, and R. L. Car- 
lin, to be published. 

(31) D. D. Betts and J. R. Lothian, Can. J .  Phys., 51,2249 (1973). 

example, one of the selection rules that allows cant- 
ing of the spins is that the magnetic ion may not re- 
side at  a center of symmetry. Canting is allowed in 
CsCoC13.2H20, which consists of chains of singly 
bridged -(Co-C1) units, and it is found there,32 but 
the isostructural manganese analog, CsMnC13~2H20, 
does not exhibit canting.33 The argument that the 
canting must be small or zero for a manganese system 
is inapplicable, as shown by the results described 
above for the [(CH3)3NH]MnX3*2HzO series. It may 
well be that the single-ion anisotropy of manganese, 
which can also lead to canting, is much larger than 
anticipated in the trimethylammonium salt; after all, 
IDlhl has been found26 to be as large as 0.2-0.5 K in 
the chained MnX2L2 series (X = C1, Br; L = pyra- 
zole, pyridine).34 

The intrachain exchange is antiferromagnetic for 
all the compounds, CsMnC13-2H20, 
[ (CH3)3NH]MnX3.2H20, MnC12-2py35 and MnC12. 
2H20, but is almost an order of magnitude larger in 
the singly bridged cesium compound than in the oth- 
ers. Similarly, it is larger in CsCoC13.2H20 than in ei- 
ther [(CH3)3NH]CoC13-2H20 or C0C12-2H20~~ but 
the intrachain exchange is ferromagnetic in the last 
two compounds and antiferromagnetic in the cesium 
compound. Ferromagnetic chains have also been 
found in C0C12.2py,~~ but single-crystal measure- 
ments are not yet available. It would be interesting to 
discover other ferromagnetic, insulating crystals that 
are amenable to the procedures discussed here. 
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