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MAGNETISM OF MIXED VALENCE COMPOUNDS pra———

William E. Hatfield ; =

Department of Chemistry , / \
University of North Carolina

Chapel Hill, North Carolina 27514 - -

Mixed valeice compounds exhibit a wide range of magnetic pro-
perties. These properties range from simple diamagnetism which
is temperature .ndependent and which may be estimated rather
accurately from Pascal's constants, to Curie-Weiss paramagnetism,
to exceptionally complicated behavior which may arise from single
ion effects, exchange coupling interactions, or both. Studies of
the magnetic properties of mixed valence compounds often yield
valuable information concerning the chemical nature and electronic
structure of the substances. 1In this chapter, results of repre-
sentative studies of magnetic properties of mixed valence com-
pounds will be described with the aim of illustrating the phenomena
which are exhibited and the manner in which the results are used
in the solution of chemical problems. Systems of discrete clus-
ters, chains, sheets, and three dimensional polymeric materials
will be discussed here. For the most part, these will be com-
pounds in which metal ions are bridged by ligands such as halides,
oxide, pyrazine, and other ions and small molecules, although
representative results for compounds containing metal-metal bonds
will be included. Because of space limitations and a recent

reviewl on the subject, results on mixed valence metalloproteins
and enzymes will not be covered.

Since the magnetic properties of mixed valence compounds
which contain paramagnetic metal ions that are not exchange
coupled, or involved in rapid electron transfer, or delocalized,
may be understood in terms of the appropriate theories for single
ion molecular species, and since this is a complete topic in

itself, class I systems in the Robin and and Day2 scheme will not
be discussed here.




SURVEY OF THEORETICAL RESULTS

Much of the theory necessary for the analysis of the mag-
netic properties of mixed valence compounds is the same as that
used for compounds in which all paramagnetic species are in the
same formal oxidation state. For discrete clusters, the general
approach described by Kambe3 is usually followed, although the
technique becomes very tedious when the number of paramagnetic
species becomes large and the symmetry of the cluster decreases.
Additional complications arise for mixed valence complexes
especially if these involve random mixtures of spins. Kudo,
Matsubara, and Katsura have discussed the expected magnetic
behavior of random mixtures of S = 1/2, S=0and S = 1/2, S = 1
ions within a statistical framework,5 and Wrobleski and Brown
have illustrated the problems in their study of mixed valence
iron oxalate, squarate, and dihydroxybenzoquinone coordination
polymers.6 Random exchange in linear chains has been the sub-
ject of extensive studies and results are discussed in a subse~
quent section.

Theoretical studies of polymeric materinls have provided
several exact solutions which are valuable for the analysis of
magnetic data. These results include the one-dimensional Ising
chain,7 the two-dimensional Ising layer,8 the one-dimensional XY
chain,9 and the one-dimensional Heisenberg chain with infinite
spin.10 Results of calculations using various degrees of approxi-
mations are also available for several other systems. Bonner and
Fisherll have carried out exact calculations on short chains of
S = 1/2 Heisenberg spins and have extrapolated their results to
the infinite one-dimensional limit. Heng,lz using a similar pro-
cedure, has calculated the magnetic properties of linear Heisen-
berg chains with § > 1. Wagner and Friedbergl3 have shown that
the infinite spin model of Fisher can be scaled to the exact
resultsl® of the high temperature series expansion for the limit-
ing case of large spins, e.g. S = 5/2. Development of additional
models has been presented by Smart,15 and the application of the
results to chemical sgstems has been critically reviewed by
DeJongh and Miedema.l

Curie-Weiss Law. We will begin our discussion by consider-
ing the Curie-Weiss law. In equation (1), x is field independent

x = C/(T-8) (1)

paramagnetic susceptibility, C is the Curie constant, T is the
temperature, and 6 is the Weiss constant. Severe deviations of
experimental data from the Curie-Weiss law signal electronic
state complexities, and in favorable cases it is possible to
develop a model which accounts for the deviation, thereby sug-
gesting an explanation for the phenomena that give rise to the
deviation.
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Let us assume that the deviations arise from exchange inter-
actions, in which case the effective magnetic field H (effective)
is the sum of the applied, external magnetic field H (external)
plus the internal magnetic f :ld. The internal magnetic field
H (internal) is related to the magnetization by the molecular
field constant y. That is, H (internal) = yM, and H (effective) =
H (external) + yM. Magnetization is given by

M= NgzuBZJ(Jﬁ)yswr (2)

where J is the total angular momentum quantum number and the
other symbols have their usual meaning. Substitution of H
(effective) in equation (2) for H yields M = C[H (external)

+ yﬁ]/T, from which C, the Curie constant, is given by
NgZuBZJ(J+1)/3k. Since M = xH (external), then x = C/(T-yC) =
C/(T-8). The sign of 6 may be positive or negative depending on
the nature of the exchange interactions being negative for anti-
ferromagnetic interactions and positive for ferromagnetic inter-
actions, and the magnitude of 6 is a gauge of the strength o:
these interactions.

The Heisenberg-Dirac-Van Vleck Hamiltonian. The Hamiltonian
that is used as the starting point in discussion of exchange
theory for systems with unpaired electrons localized on the para-
magnetic ions is

~

H=-2% J.5.°Sn (3)
n<m

where the summation is overall paramagnetic ions in the system
under consideration, J,, is the exchange integral between ions

n and m, and S, and Sy spin angular momentum operators. In the
Heisenberg-Dirac-Van Vleck model it is assumed that the interact-
ing ions are orbitally nondegenerate, that any orbital contribu-
tion will be accommodated in the parametrized g value, and
usually nearest neighbor interactions only are considered.

Almost always Jij is Eaken to be isotropic. In a magnetic field
the term 'guBi(ii + 254) ‘H must be added to the Hamiltonian.

The development of the theory for two interacting indistin-
guishable particles, say electrons in orbitals y2 and yb, on
centers a and b, illustrates the approach to the theoretical
description of the problem. The wave equation for two non-
interacting electrons takes the form [H; + gzlw?l ¢?2) =

[E, + Eb]w?l)w?z)where H, operates only on y(1)and H, operates

only on y(2), and the energy eigenyalue is two fold degenerate
because the electrons are indistinguishable. The degeneracy is
lifted when the Caulomb interactions between the electrons and
nuclei are taken into consideration by addition of the term

S— TR ——— -




H' = ez/Rab + ezlrlz - ezlr.z - ezlrbl to the Hamiltonian. Using
perturbation theory, the secular determinantal equation

[vy> | 2>
HY,-E H'),-ES

=0
H'7)-ES HY2-E

must be solved. Here y) = v‘(l)wb 2) and y2 = w‘(z)wb(1).
H=H +Hy +H', and Hyy = [}Hy;dT. By definition,

Jap = H'iz = H'21 = [Up(1) vy (2) (' Wy (1) va(2)dridez.
L] . * * '
Kab = H');1=H'22 = !*a(l)*b(Z)(“ )*‘(l)tb(z)dtldtz-
*
= J¥a(2)¥p (1) (8" Wa(2) ¥ (1)dT1d 2.

The eigenvalues are E, = E, + Ey + (K#J)/(1%S) where S is the
overlap integral, and the eigen functions are the symmetric and
antisymmetric combinations

Ysym = [Va)¥b(2) * *a(z)“bu)”"i
Vanei = [Va(1)¥b(2) = Ya(2)¥ (1) 1/72

If we ignore the overlap integral, then the energy difference
between these two eigenstates is 2J. Up to this point, the spin
coordinates have been left out to emphasize the fact that exchange
is an electrostatic orbital interaction. However, the total

wave function must be a product of the orbital part and a spin
part.

Now consider the spin properties. Each electron has spin
angular momentum /2, and by the vector addition rule the total
spin of the system may be either S = 1 (triplet state) or S = 0
(singlet state). For the triplet state, the possible values for
the 2z component of the total spin are 1, 0, -1. 1If, in the
usual manner, a = +1/2 and B = -1/2, then the spin functions
IS,MS> are

|1v1> = |0162>
|1;0> = [|0182> + |8132>]//5
|1,-1> = 818>

and

[0,0> = [|a1B2> - |B1az>1/V2




where the triplet state spin functions are symmetric and the
singlet state spin function is antisymmetric.

According to the Pauli principle the total wave
function must be antisymmetric with respect to exchange of every
pair of electrons. Therefore, the symmetric spin functions
(triplet state) must be combined with the ¢4, and the anti-
symmetric spin function (singlet state) must be combined with
Vsym+ It is in this way that the energy of the system depends
on the total spin.

In terms of a vector model, we take s) and s; to be the spin
angular momentum operators in units of #i with the vector sum
sj12 = s) + s2, and

(51207 = (51 + 5202 = (8102 + (s2)2 + 28,5,

The eigenvalues of the operators 3,22, 312, and 322 are
S(S+1), sl(s1+1), and 32(52+1). Application of the operato:

s1°82 = 1/2[(s12)% = (s1)? - (s2)?) ytelds:
for S = 1, §;+S3 = 1/2{1(141) - 1/2(1/241) - 1/2(1/241)] = 1/4

for § = 0, 5,55 = 1/2[0(0+1) - 1/2(1/241) - 1/2(1/241)] = -2
This permits us to write the exchange Hamiltonian as H' = —2J§1-é2.
For the multielectron case where for atom a the total spin is

= Isy, and for atom b, Sy = Is; (where % and j denote the
—Tectrons on a and b, respectiveli) then we may write H =

-2J b§a -5 For a cluster of exchange coupled ions we generalize
to the Hamxltonian H= -2 I JnpS, Sy» which was given at the
n<m

begisning of this section.

Energy Levels in Exchange Coupled Clusters. Van Vleck has
developed a convenient formula for the spin states which result
from exchange interactions in clusters with n magnetically equi~
valent paramagnetic ions.l7 For the assembly of 7 spins, in the
vector model, the resultant spin vector is §' = XSt, with the

n

square of S' being

2 B 2 -
[8')° =1 £84)°= E([S4)°+ £ S4°8;
1=1 i=1 i,3

In the dot product the indices 7 and j designate adjacent para-
magnetic ions. Combined with the results [S' ] = §'(5'+1) and
[S ] = 51(51+1) and the realization that there are n terms in




£[§1]2 and n(n-1) terms in the dot product summation, we may write
n
§i'§d = §'(8'+1) - nS;(5;+1)
n(n~1)

since all spins are equivalent. There are n(n-1)/2 terms in the
Hamiltonian H = -2J 1§j§1-§4. The energies of the spin states

are given by
E(S') = -J[S'(5'+1) - nS{(5;+1)] (4)

where S' can take the values allowed by the vector summation rule.
For n= 2, S' = 0,1; for n=3, 8'=1/2 3/2: for n=4%, 8' =
(35 lp

It is clear that more than one spin state with a given S'
may arise. Van Vleckl”7 has shown that the number of states W
with a given S' is given by

W(S') = Q(S') - Q(S'+1) (5)

A
where 2(S') is the coefficient of ¥ 1in the expansion of
s sl s H

Consider for example an assembly of three patama ettc }an with

The exgression to be expanded is (X , which
gives x3/2 + 3x1/ ..., and the number of states with S' = 3/2
is 1 while the number with S' = 1/2 is 2. If all interacting ions
are magnetically equivalent then all states of a given S5' are
degenerate.

The Van Vleck Equation. In the magnetic susceptibility
experiment, one measures the bulk property as a function of
temperature and magnetic field strength,and analyzes the data in
terms of the distribution of energy levels which are thermally popu- J
lated. Usually the energies of these levels are not known, but |
frequently their relative energies in terms of pertinent para-
meters, say exchange coupling constants, are known. In such
cases appropriate theoretical equations are fit to the experi-
mental data to yield the desired parameters. The most widely
used formalism was developed by Van Vleck.

By definition, the magnetic moment p, , of an energy level
Fn,m is given by un m = -3E, n/3H, where % is the magnetic field.
The total moment of the system M is
NE nexp(-Ey o/KT)

£ exp( En, m]kT)

. Mi 1= X.Y.z)




where N is Avogadro's number, and the summation is over all states.
Consider one of these states: The energy of the nth state can

be expressed in terms of a power series in H as

a2 (3

E = E - + HE H'E

SO
n,m n, n,m n,m

(1)

where Eon’m is the zero field energy and E, ", E

(2)

n,m » ++- are

the first, second,... Zeeman coefficients. The moment of this
state is

wug, ) (2)
Ya,m En,m - ZEn,m L

It is convenient to expand the exponent 2 2
(—z° -ue_ (1) - w2 2 ..{)
n,m n,m n,m

exp(—En’m/kT) = exp

kT
[ HEn(t]r;)] -E:\ m
= - c— s S5 Eend
kT €XP \ kT
and to express the total moment as

1 2 (1) 5
anm(’Enfm)‘ zugnfm)- L) Q-KE S kD exp(<ES | /KD)

M, =
2 nfm(l-HEnf;)/kT)exp(-E;’m/kT)

Paramagnetic substances do not possess magnetic moments in the
absence of magnetic fields, so

(1) ° i
nfm[{-sn’m }exp(-En’m/kT)] =0

If data are collected at moderate temperatures and magnetic
fields then only first order terms in H in the numerator and
terms independent of H in the denominator need be retained. By
definition x; = M;/H;, and we have the Van Vleck equation:

Ng’m[(En(l))Z/kT X ZEnléz)]exp(—E;’m/kT)
Xy = . (6)
f’mexp(-ﬁn’m/kT

This equation will be utilized frequently in the section on
Representative Results.

Anisotropic and Antisymmetric Exchange. Frequently, the

exchange Hamiltonian H = -2 EmJnm§n'§m cannot adequately explain
n




experimental data, and it is necessary to consider additional
kinds of interactions. The Hamiltonian as written above implies
that the exchange interactions are isotropic and symmetric. If
we rewrite the Hamiltonian as .

" A

Hnm . “2g<mjnm{ 12722 ® a(Sl

xSZx ¥ SlySZy)}

the multiplier o can be used to account for axial anisotropic
symmetric exchange interactions. The Heisenberg case arises

when a = 1, the Ising case results when a = 0, and there are
experimental examples for both extreme cases as well as for inter-
mediate values of a, that is, for 0 < a < 1,

It is instructive to examine the Ising case in detail, and
we will use as our example the pair of S = 1/2 exchange coupled
ions for which the spin wave functions were given above. The
exchange coupling operator for this case is H = -2J122§12§22.
Applying the operator to the basis set yields the determinantal
equation

laa> |aB+Ba>/V2 |8B> |aB-Ba>/V2
i %JI;—E 0 0 0
0 1/235-E 0 0 Lig
0 0 —1/231;—5 0
0 0 0 125y,

with two roots E = +J12z and two roots E = -Jj5%. The energy
separation between the two doublet states is  |J1,%|.

Frequently anisotropic exchange is taken into account by
adding the term S *Tnp-Sp to the Hamiltonian. In this term Tpp
is a symmetric tensor, and is given approximately by (Ag/g)anm
where Ag = |g-2|. The effect of anisotropic exchange is to cause
a zero-field splitting of the triplet state. In axial cases a
singlet and doublet result, while all degeneracy is lifted in
rhombic cases.

Antisymmetric exchange interactions may arise between rairs
of exchange coupled ions when the single ion g values are dif-
ferent, a condition which implies that the exchange coupled ions
are not related b{ a center of inversion. The term, which is
added to the Hamiltonian to account for antisymmetric exchange is

Enm'[§n X §m], was theoretically established by Moriya following




a phenomenological development by Dzialoshinski. Essentially,
this interactiou tends to align the spins perpendicular to each
other, and in this manner tends to oppose the isotropic exchange
interaction which, depending on the sign of J,,, tends to align
the spins either parallel or antiparallel to one another.

The magnitude of the antisymmetric coupling constant may be
estimated from the expression IQnmI * (Ag/g)Jnm- Consider a 1
case with Ag =0,land Jyp = 100 cm-1; we calculate |[Dyp| = 5 cm .
This effect can be readily seen in EPR measurements, and in mag-
netic studies especially if J,, is positive.

Let us examine the antisymmetric exchange interaction for
the case of two exchange coupled S = 1/2 ions. The antisymmetric

term is
£ 8k
Dyp - [8;%8,] = D, | Six S1y S12
S2x S2y S22

= Qx(slySZZ = SZyslz) & Qy(SZXSlz = S51x522)
= Ez(sleZy = Sszly)

If we take Djp along the Z axis, then

_ 1Dz
Hantisymmetric “ g 15y S S145;.]

The Hamiltonian matrix for symmetric exchange, including an anti-
symmetric contribution,is

[aa> |aB+B8a>/V2 | 88> |aB-Ba>/vV2
-1/2J-E 0 0 0
0 -1/2J-E 0 i, /2 .
0 0 -1/2J-E 0
0 ~1D,/2 0 3/23-E

This interaction mixes the lS, M_.> states |1,0> and l0,0> and
results in a zero-field splitting of the triplet state. The
roots of the determinantal equation are

E(|1,1>, [1,-1>) = -J/2

EC]1,0%) = [3-X4-D,2/32)1/2)/2

E([0,05) = [J+3(4+D 2/3%)1/2] /2




Exchange in Linear Chains. The exchange Hamiltonian for an

infinite linear chain may be written as

H = -23 & {a8;%sTy) + v(Sy"Syq1 + S1¥S§))} -gBH ZH'S; (D)
i=1 i

For a, y = 1, the isotropic Heisenberg case arises; while for

a =1 and y = 0, the anisotropic Ising case obtains; and for

a =0, y=1, the relatively rare anisotropic X-Y case results.
Fisher/ has derived exact expressions for both the parallel and
perpendicular magnetic susceptibilities for the anisotropic Ising
case when S = 1/2. The parallel susceptibility is

Ne2p82
Y “,%(T— exp(2J/kT) (8)
while the perpendicular susceptibility is

242
A= Egjé_ {tanh(J/KT) + (J/KT)sech?(J/kT)} (9)

Bonner and Fisher carried out machine calculations on systems of
chains containing from four to twelve spins, and extrapolated
their results to the infinite-length chain.il The maximum in
susceptibility is uniquely defined by the following relations:

k%mx~ &mx“l

-—Ffr— = 1.282 ; ———— = 007346
NgZB2

Bonner and Fisher's numerical results can be reproduced by the
expression188

» Ng2p? . A+ Bx

L 1 + Dx_1 + Ex—2 + Fx'-3

1 2

+ Cx

(10)

where x = kT/|J|, A = 0.25, B = 0.14995, C = 0.30094, D = 1.9862,
E = 0.68854, and F = 6.0626. An alternate expression which gives
comparable results has been given by Jotham.l8b These expressions
have the advantage of permitting the use of computer programs in
the analysis of experimental data. This approach will surely be
applied to other spin systems as the need arises.

Random Exchange in Linear Chains. The magnetic suscepti-

bilities of mixed valence compounds which have one dimensional
chain structures frequently reflect antiferromagnetic spin-spin
coupling at moderate temperatures, but show an increase in sus-
ceptibility at low temperatures. In a regular chain of

localized electrons, the susceptibility of a system of anti-
ferromagnetically coupled metal ions with single localized elec-
trons which can be described by the Heisenberg exchange Hamiltonian




(7) has a maximum value at Tp,y = 1.282|J|/k, and the suscepti- |
bility decreases to a finite value at 0°K. In periodically
alternating chains the susceptibility decreases to zero at 0°K.
Thus, neither of these models can explain the increase in sus-
ceptibility, and this feature is often attributed to the presence
of small amounts of paramagnetic impurities which are trapped in
the samples during the synthetic procedures. There is now good
evidence from careful experimental work on highly purified sam-
ples that the low temperature increase in susceptibility is a
intrinsic property of some of these compounds and that it arises
from random exchange. This can be understood if one divides the
entire system of spins into several noninteracting subsystems,

of which some will have odd numbers of spins. These noninteract-
ing residual spins will follow the Curie law, resulting in an
increase in magnetic susceptibility at low temperatures.

Bulaevskii, et a1l9 have derived very useful expressions
for the thermodynamic properties of the system described above.
Central to their derivation is the expression

p(e) = el

for the density of states, where A and a are parameters to be
determined from experiment, and it is assumed that any dependence
of p on T can be neglected at low temperatures, i.e. 0.1 to 10°K.
The results from their derivation which are necessary for our
discussion are equation (11) for magnetic susceptibility in the
low field limit, i.e. where gugH<<kT, and equation (12)

X(T,H%0) = 2(1-2"*%) ¢ (~0) T(1-a) AgPuy 2k INT ™ (1)

for the magnetization in the high field limit, i.e. where

guBH>>kT. a
M(0,H) = (l-a)-lguBNA(guBHk_l)l_a (12) ;

In equation (11), z(x) is the Riemann zeta function and TI'(x) is
the gamma function. In practice, the adjustable parameters are
determined by fitting these expressions to magnetic susceptibility
and magnetization data.

Results which are close to these have been obtained by
Theodorou and Cohen,20 who used a disordered Hubbard model and
investigated the effects of random antiferromagnetic exchange
between spins. In their derivation the interaction parameter J
followed a distribution function of the form p(J) = J~%, where
0 < a < 1. Theodorou and Cohen suggest that e and p(e) of the
Bulaevskii model are related to J and p(J) of their work, thereby
affording an explanation for the phenomenological density of
states expression. Application of these ideas to exchange in
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quinolinium (TCNQ)Z by Azevedo and Clark21 will be presented in
Section on Representative Results.

Exchange in Two-Dimensional Sheets. The Hamiltonian appro-
priate for a two-dimensional magnetic system may be given by

H = -ZJE’j(§12§Jz + £§J,x.§jx + "§4y§jy) s

O<E. <1

where the Siw(" = x, Yy, or z) are the components of the spin
operator along the Cartesian coordinates, J and J' are the intra-
and interlayer exchange constants, and the parameters £ and n
represent the anisotropy in the intralayer exchange. If the z-
axis is taken as the easy axis of magnetization, then the aniso-
tropy is Ising-like when £ = n < 1 and when £ = 1, n < 1 it is
XY-like. The Heisenberg case arises when there is no anisotropy
in the exchange. The various anisotropy parameters can be repre-
sented by effective fields by the use of the following molecular
field equations for the parameters D=1 - £ and E = 1 - n:22,23

B ZZJ/guB

Hin= D H |
a ex |
1 = En
a ex

where He is the effective exchange field arising from the intra-
layer exghange, and Z is the number of near neighbors within the
layer. The contribution to the anisotropy arising from the ani-
sotropic exchange interaction which favors parallel alignment
within a layer can be estimated by the equations

HA’E = ZZAJS/guB

i 2
A3 = 3 =Jy (bg/<g>)"J

where Ag = g,. - gp and <g> = (2g,. + gp)/3. In some cases it
has been reported that the experimentally observed Hg“t is
substantially smaller than the sum of the theoretical components
which are expected to be most important.zl‘s25 This immediately
suggests that there must be an additional contribution to the
anisotropy arising from exchange interactions either within the
layer or between layers. One such additional term which does
exist for these systems is antisymmetric (Dzialoshinki - Moriya)
exchange which was discussed above.




Exchange in Three Dimensional Polymers. Exchange interac-
tions between paramagnetic ions in three dimensional arrays may
lead to ferromagnetism, ferrimagnetism, or antiferromagnetism.

In ferromagnetic substances the magnetic dipoles are all oriented
in the same direction, while in ferrimagnetic or antiferromagnetic
substances there are two or more interpenetrating lattices of
magnetic dipoles which generally are oriented in different
directions. The description of magnetic properties of three
dimensional mixed-valence compounds usually requires two or more
sublattices since the paramagnetic ilons are nonequivalent.
Strictly speaking, all of these compounds should be ferrimagnets,
but if all sublattices have their magnetic dipoles oriented in

the same direction, then the properties would not be different
from those of ferromagnets. For the purposes of this discussion
the theory of ferrimagnetism developed by Néel will be required.26

Consider a situation in which there are A4 and B sites form-
ing two sublattices. The molecular field experienced by an ion
on site A is H = (ZZJab/Nbgagb“B )M, , where z is the number of

nearest neighbors and J,;, is the coupling constant. The multi-
plier of the magnetic moment of the B sublattice is the molecular
field coefficient y,,. Interactions between the paramagnetic
ions lead to the following molecular fields: H = Yaalys

—aa
Hap = YabMp: Hob = YoulMps Hba = Ypalla-
The total fields experienced by A and B atoms are given by

B = B+ vt 2 anhy

and

By “ W, % gty £ ol

where H, is the applied field. Following Smart,l let N be the
total number of paramagnetic ions, A be the fraction on 4 sites,
u be the fraction on B sites, and name the sites such that A < yu.
Also, let a = Ya5/Yaps B = Ypp!/Yaps %a = ﬂa/ANguBS, and oy =
gb/uNguBS. The molecular fields become

H
=

B, + NaugSy,, (e, + ug,)

Hy = By * NeugSv,,(t Ag, + ugy)

Two cases can be identified, one of these has Ja > 0 and
the other has J,p < 0. For the case with a positive R—B interac-
tion the high temperature susceptibility becomes

c(T + Achab(Z -a- B)] ¢
14)

= T2 - Cy (Ao + uB) + A c2 z(as -1)




Neel recognized that the )(-1 * T curve is a hyperbola of the form
-1 7-0 4

X =T - Re ; 15
with f = cYabAu(z + Aa/p + uB/Ar)
"’ - - -
o' = cYabAu(z a - B)
e 2 - b= - gn?
¢ = Cv,y Au(A {1l - a} - p{1l - B})

The hyperbola may be alternately expressed as
4 (T=TO(T-T")

L S c(T - 8")

(16)

The hyperbola is sketched in Figure 1, and the constants are
designated there. In order to treat the case in which J ., < 0,
the signs of v,,, @, and B are taken to be negative, and®’it is
possible to obtain the parameters in the theory by fitting the
expression for susceptibility to experimental data. Many examples
are given in the recent treatise by Craik.?

DATA ANALYSIS

While measurements of magnetic properties at one temperature
(say, room temperature) or over a limited temperature range yield
data which are more valuable than none at all, it must be empha-
sized that measurements over wide ranges of temperatures and
fields are usually essential for a detailed description of elec-
tronic structure and bonding.

The first step in the analysis of the data is to plot the
molar magnetic susceptibility, xp, which has been corrected for
the diamagnetism of the constituents, versus 1., 1f a straight
line which passes through the origin is obtained, then Curie law
behavior, x, = C/T, is followed. From the Curie constant, one
can calculate pg¢f using the expression pggge = 2.828 (x-T)1/2
and use the Bohr magneton number along with complementary data
to solve the problem at hand. If a straight line which inter-
cepts the positive x-axis at T-1 = 0 is obtained, it is possible
that temperature independent paramagnetism is present, or that
the diamagnetic correction has been overestimated. If the
straight line intercepts the negative x-axis at T1 = 0, it is
likely that the diamagnetic correction has been underestimated.

For mixed-valence, it more likely that a Curie-Weiss law
will be required to fit the data, and that this law will hold
only over a limited temperature range. The Curie-Weiss law was
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Figure 1. A sketch of the Neel hyperbola with the parameters
indicated.

derived above, It is usually instructive to plot x°T versus T.
Curie law behavior holds if a straight line parallel to the T
axis is obtained. For orbitally nondegenerate systems devia-
tions from straight line behavior toward larger x°T values indi-
cate ferromagnetic interactions, while deviations toward

smaller x°T values indicate antiferromagnetic behavior.

A serious complication in the interpretation of magnetic
data may arise if ferromagnetic impurities are present even in
small quantities. In favorable cases it is possible to account
for such impurities by making measurements as a function of mag-
netic field strength. Generally, for a saturated ferromagnet
the force exerted in a Faraday measurement, for example, is pro-
portional to dH/dz, while that exerted on a paramagnetic sub-
stance is proportional to H(dH/dz). The intrinsic susceptibility
of the sample x4 is given by the measured susceptibility xy minus
the quantity Coy/H where C is the concentration of the ferromag-
netic impurity and o4 is the saturation magnetization. If a plot
of xy versus 1/H yields a straight line the correction can be
made readily.




Units for Magnetic Properties. There are two systems of
units commonly used in publications dealing with magnetic pro-
perties. These are the cgs-emu system and th2 International
System of Units (SI). Quickenden and Marshall?8 and Mulay29 have
presented definitions of the quantities that are encountered and
have discussed the relationship of these quantities in the two
systems. A very convenient table of conversion factors has been
compiled by Bennett, Page, and Swartzendruber30 and is reproduced
here in Table I.

REPRESENTATIVE RESULTS

Since a complete survey of the magnetic properties of mixed
valence systems is outside the scope of this chapter, results
from representative studies only are summarized here. The dis-
cussion in this section is intended to illustrate the scope and
the complexity of the field and hopefully will serve as a stimu-~
lus for additional research; some specific problem areas are
identified,

Clusters

Di-p-oxobis[bis(2,2'-bipyridine)manganese(III,1V)]. This
unusual complex was first prepared by Nyholm and Turco,>1 and
the structure was determined by Palenik and coworkers 32 As the
bond distances in Figure 2 show, the two manganese ions are dis-
tinctly different, and the shorter bond distances from the donor
atoms to Mn(2) indicates that Mn(2) is the Mn(IV) ion. In
addition, the lengthening of the quasi axial bonds of Mn(l) is
comparable to the lengthening of such bonds in Mn(III) complexes,
and it is reasonable to assign the oxidation state 43 to Mn(l).

Mgure 2. The structure of di-u-oxobislbis(2,2'-bipyridine)-
manganese (III,IV)). Reprinted with permission from
Re ference 32.
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0.0 60.90 120.0 180.0 240.0 320 .9

T (K)
Fiqure 3. The magnetic susceptibility data for di-u-ozobis-
g [bi3(2?2'-bipyridine)manganese (ITI,IV)}. The
experimental data are given by +, and the solid line
is the best fit to the expression for an exchange
coupled S = 2, 3/2 pair.

Cooper, Calvin, and coworkers33:34 have recently carried
out extensive studies including spectroscopic, magnetic, and
electrochemical measurements on the di-p-oxo-2,2'-bipyridine
complex as well as the 1,10-phenanthroline analogue. Their
magnetic susceptibility data are shown in Figure 3, where the
solid line is the best fit to the data of equation 17 for an
exchange coupled S = 2, 3/2 pair using J = -150 em~l, the EPR

2
2
- Ng Hg . 84exp(6J/kT) + 35exp(-J/kT) + 10exp(-6J/kT .
Xn 4KkT 4exp(6J/KT) + 3exp(-J/kT) + 2exp(-6J/kT)

.+ exp(-9J/kT)
+exp(-9J/kT)

+ Na 7

<g> value of 2.0, and an assumed value of 120 x 10-6 cgs for
the temperature independent paramagnetisT, Na. The 1,10-
phenanthroline compound has J = -134 c¢m™"; Cooper and Calvin33
attribute the small difference in J values to a more favorable
exchange interaction geometry for the more flexible 2,2'-
bipyridine ligand. The compounds exhibit moments of 1.75 B.M.
and 1.74 B.M. at the low temperature limit of the experimental
measurements consistent with the expected spin-only moment of



1.73 B.M. for the odd electron of the antiferromagnetically
coupled § = 2, 3/2 pair. The features of the EPR spectrum of
a frozen solution of the phenanthroline(III,IV) dimer may be
accounted for by the spin Hamiltoniam

=g 6as, + ng(Hxsx + HyS)) + (A)1) + Aj1))S - 2JS; S,

where gli and gl are the principal g-tensor components for the

assumed axial symmetry, S) and I; are the electron and nuclear
spin operators, respectively, A, is the hyperfine coupling tensor
for the Mn(III) ion. The terms with subscript 2 refer to the
Mn(IV) ion. The spectrum shows that the exchange coupling results
in a doublet state with little anisotropy in the g-tensor. The
large difference in the hyperfine couplings constants of A =
167 + 3G and A = 79 + 3G indicates that the unpaired electron
in the ground spin state is localized on one of the manganese
ions, or transferred between them at a rate much slower than

|A1| - |A2]|. The slow rate of the electron transfer is a con-
sequence of the electronic structure of the high spin Mn(IIT)
ion; the electron being transferred is in an e_ antibonding
orbital, and transfer to the Mn(IV) ion requirgs considerable
changes in the bond distances about the manganese ions.

p-0xo-j-hydroxobis[(Schiff base)manganese(III,IV). Magnetic

susceptibility studies on a series of bimetallic manganese com-
pounds with the Schiff bases

R- Q, R
N
R ”}_c‘cu:, R

R = H (ZSol), R = CH3 (ZAcet)

revealed that the compounds should be formulated as mixed oxida-
tion state dimers of man§anese(111) and manganese(IV), i.e.

as [Mn;(SB),(OH)O] -nH,O0. 5 Magnetic moments of 10% TMS-CHClj
solutions of the complexes (“0.002 M) were determined by the

NMR method at ambient temperature with a 250-MHz spectrometer.

The compound [Mnj(BuSalpn),(OH)O0] H,0 exhibited a magnetic

moment of 2.30 BM while [Mn,(BuAcetpn),(OH)0]-2H,0 has a moment

of 2.64 BM. These compounds, which may be examples of Class IIL,
have a new band in their visible absorption spectrum at ~21-22,000
em~l. This absorption band, which is responsible for the cherry




red color of the compounds, has been assigned as the intervalence
band. If this assignment is correct then the degree of inter-

action must be rather small since the frequency of the transi-
tion occurs in the denominator for a.

Biferrocene(II,III) Picrate. Kaufman and Cowan 36,37
recognized that the ligands usually employed in mixed valence
chemistry, up to advent of their work, were not readily susceptible
to structural variations and conjectured that organometallic
compounds would be very good systems for systematic work. They
selected metallocenes as the first candidates for their studies
for the following reasons: (1) Strong interactions between mixed
valence sites are to be expected when the orbitals on these cen-
ters have the same symmetry and are close enough for appreciable
overlap, and metallocenes have these properties. (2) Delocaliza-
tion is enhanced when the ligand field strengths of the mixed
valence ions is similar. (3) Available crystallographic data on
ferrocene and its salts had revealed that the formal oxidation
state of the iron atom has little effect on the interatomic
distances, and consequently the reorganization energy would not
be expected to be very large. (4) Metallocenes exhibit strong
interactions between the metal orbitals and the unsaturated
system of the cyclopentadienyl rings, and mixed valence delocali-
zation could possibly be transmitted by metal-ligand orbital
overlap. The spectroscopic and electrical conductivity measure-
ments of Kaufman and Cowan on biferrocene(II,III) picrate (19)
demonstrated that electron transfer in this system is quite facile.

7 1n+
Q

Fe

@mf
@

The ultraviolet to near infrared spectrum of a solution of
biferrocene(II,IIT) picrate in acetonitrile exhibited bands at
220 and 295 nm which were assigned to the substituted ferrocene
portion of the molecule, a broad band at 550-600 nm which was
assigned to ferrocenium portion of the molecule, and a new,
broad band centered at 1900 nm (e 551), which was assigned to




the electron-transfer transition. A rate of electron transfer
of 1.3 x 1010 sec~l was calculated from the energy of this band
on the basis of Hush's~theory.38 The interaction parameter a
was also calculated using equation (20)

W2 o 4:5 x 1074 e(pa)8(1/2)
(V) (x2) (20)

where €(pax)is the molar absorptivity at the band maximum, A(1/2)
is the band half-width in wavenumbers, v is the energy of the
intervalence transfer band in wavenumbers, and r is the distance
between donor and acceptor sites in Angstroms. This equation,
which is valid only for cases in which there are weak interac-
tions, yields the value 0.095 for a, which signifies a weak inter-
action between the mixed valence sites of this Class II system.

The magnetic properties of the picrate and tetrafluoro-
borate salts of biferrocene(II,III) were measured over the range
2-300 K.39 Expressions for the temperature dependence of the
magnetic susceptibility had been derived earlier®0 for the set
of two Kramer's doublets of the 2E2 ground state of the ferro-
cenium ion and these were used for %he analysis of the data. The
equations are

Ng2 ( 2 (1-22) | 1622k "2 (kT)
X1 CE") = — 1 + + (21a)
| kT a+ gz) (c2+52)1/2(1+;2)2
2 2 2.9
NB 4t 2kT(1-27)
X{(E") = — ——= 4 (21b)
| kT (ch)z (1+C2)2(Ez+5)1/2

where k' is the orbital reduction parameter, { is the spin-orbit
coupling constant, § is the splitting of the energy levels due
to low symmetry components, and ¢ is the wave function mixing
parameter which results from the departure from axial symmetry.
These constants may be estimated from EPR results using the g-
value expressions derived by Maki and Berry:

gi = 4g/(1 + cz)

2 + 4k'(1 + cz)/(l + cz) |
(22) |

i

ol

x/[1 + (1 + xz)lll2

[z
x|

]

§/k'¢E i
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ferrocenium salts.

The Mossbauer spectrum of BFD(II,III) salts exhibit only
two lines, and this observation leads to the conclusion that
the two iron atoms are identical on the Mossbauer time scale.
There are, of course, two possible explanations for this observa-
tion. There could be rapid electron transfer of a class IIL
system or delocalization in a class III system. This latter
description is further supported by ESCA and EPR data. BFD(II,III)
picrate and tetrafluoroborate have the same g-values in the
solid and in glasses, where g; = 1.87, gy = 2.00, and g3 = 2.27.
The effective magnetic moment calculated from ug¢ef =
[l/3(gl2 + g22 + g32)S(S+1)]1/2 is 1.78 pg, a value which is in
good agreement with the magnetic susceptibility result.

Although there is a broad, intense band in the near infrared
at 1550 nm, with a second band at 1140 nm, from which a delocali-
zation of 3% may be calculated, the magnetic properties, EPR,
ESCA, and Mossbauer data rule out the assignment of this band
to intervalence transfer. 1

Princigally through the work of Davidson, Smart and
coworkers,4 »49 additional examples of bisfulvalene-dimetal com- ;
pounds and mono- and dioxidized salts have been prepared. Com-
pounds of iron (see above), nickel, and cobalt are known. For
these, all BFD-M(II,II) compounds are diamagnetic, all BFD-M(II,
III) compounds are paramagnetic with pegg ~ 1.7 B.M. and the
moments are temperature independent, and all BFD-M(III,III) com- 3
pounds are diamagnetic. [BFD-Co]?%* (z = 0, 1) exhibit bands in
the electronic absorption spectrum at 980 nm with € = 1150 for
z = 0 and € = 7000 for z = +1. The electron spectrum of
[BFD-Ni]%Z%¥ (z = 0, 1, 2) also exhibit similar bands. Smart and
Pinsky“9 state that these bands "are not intervalence transfer
transitions associated with electron transfer from one localized
metal center to another".

The compound 3-vinylbisfulvalenediiron(II,II) has been pre-
pared and homopolymerized in benzene using azobis(isobutyronitrile)
initiation. The polymer was oxidized with TCNQ to yield mixed
valence polymers with a range of stoichiometries as measured
by the ratio BFD*/(BFD* = BFD).%0 The dark conductivity of the
sample in which 71% of the bisfulYalenediiron units were mono-
oxidized was 6-9 x 1073 ohm~1l cm™ Magnetic data are not avail-
able for these substances.

Oxo-bridged Mixed Valence Diiron(III,IV) Complexes. Wollman
and Hendrickson?l have measured the mixed valence compounds
[Fez(TPP)ZO]X (TPP = tetraphenylporphinates, X = PFg~, BF,”™) and
[Fe,(salen),0]x [salen = N,N'-ethylenebis(salicylideniminato),
X~ = PF¢™, Cl04~, BF4™, 13'], and have analyzed the data in terms
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Figure 4. Magnetic susceptibility data for p-oxo-bisisalen Fe-
(III,IV)].




of isotropic exchange of an S = 5/2, 2 pair with a small zero
field splitting for the salen compounds and a large zero field
splitting for the porphyrin complexes. Unfortunately, as shown

in Figure 4 the fit of the Van Vleck equation including a mean
field interdimer exchange term to the data for [Fez(salen)zol(PF6)
is not especially good, but the low temperature limiting moment

of 1.2 ug is in good agreement with the expectation of one
unpaired electron per pair of iron ions. The magnetic parameters
for these compounds are collected in Table III, where the range of

Table III. Magnetic Parameters for Oxo-bridged Iron(III,IV) Dimers

Compound J,cm—1 o L IDl,cm-1 | 8|
[Fez(salen)ZOJPF6 -11.6 -0.05
[Fez(salen)201C104 ~-17.6 -1.6
[Fez(salen)20]BF4 -8.7 -2.3
[Fez(salen)ZO]I3-CHC13 -7.5 -5.9
[Fe,(TPP) ,0]PF, -119 1.7 2386 5.47 |
[FEZ(TPP)ZO]BFQ -82.5 aols 19.9 < {5 4 .80

exchange coupling constants, mean field intercluster correction
terms, zero-field splitting energies, and g-values may be seen
to vary over a very wide range.

The Mossbauer spectra of [(Fepsalenp)O]x and [(FepTPPy)0]X
were recorded at 77° and 4.2°K, and consisted of a single quadru-
pole-split doublet in each case. Thus, the mixed valence iron
compounds have identical iron ions on the Mossbauer time scale.
This means that the rate of electron transfer is faster than @
2107sec™! in both series of compounds. The EPR spectra of the
salen compounds exhibit one line whose line-width is slightly
temperature dependent, a property to be expected if the rate of
electron transfer is comparable to the EPR time scale, about
1010sec™, The EPR spectrum of [Fe,TPP,0]PFg was reported to be
highly anisotropic, a result which is at variance with earlier
observations>2 on [FezTPPZO](ClO4). Furthermore, no EPR signal
was seen for the tetraflucroborate salt, and no absorption bands
were observed in the near-IR region of the spectra of any of the
compounds. It is clear that the oxy-bridged mixed valence iron
compounds are not understood very well and that more careful work
is needed.




A Nitrido-Bridged Iron Complex. The only example of a

nitrido-bridged complex of a first-transition series element was
prepared by Summerville and Cohen.33 The thermal decomposition
of [Fe(III)(TPP)N3], where TPP is tetraphenylporphine, in the
absence of oxygen yields [{Fe(TPP)},N] plus nitrogen gas. The
Mossbauer spectra show that the two iron atoms are equivalent,
and the Mossbauer parameters arc consistent with a higher oxida-
tion state for the iron atoms than those in [{Fe(TPP)},0].

A magnetic susceptibility study on [{Fe(TPP)}9N] yielded a
temperature independent moment of 2.04 up per dimer. Based on a
comparison of the Mossbauer quadrupole splitting constant of
1.08 nm sec™! for the nitrido-bridged complex with the usual
values of 1.25 to 2.11 mm sec™l for low spin iron(III) hemichromes,
Cohen concluded that the iron ions were high-spin and strongly
coupled.1 The data do not permit a classification in the Robin
and Day2 scheme of this fractional oxidation state complex.

[Ni,(1,8-naphthyridine)4X5]Y. A series of complexes of this
2 2

general formula with X = halide, NCS™, NO4~ and Y = PFg~ or
B(C6H5)4” may be prepared by mixing boiling butan-l-ol solutions
of the nickel(II) salt, the ligand, and sodium tetraphenylbcrate.
On further boiling black crystals may be obtained. 1In the case
of the hexafluorophosphate salts, it is necessary to add sodium
tetrahydroborate in order to get the desired product. X-ray
structural results for [Nip(napy)4Br,]B(CgHs), reveal that the
nickel ions of formal oxidation state +1.5 have identical coordi-
nation environments which are square pyramidal. The base of the
pyramid is formed by four nitrogen atoms from four different
ligand atoms and the apex of the pyramid is occupied by a bromide
ion. These two equivalent pyramids are held together by the four
bridging naphthyridine ligands with a very short nickel-nickel
separation of 2.415(4) A. The bases of the two tetragonal pyra-
mids are staggered with a twist angle of abaut 25° along the
Br-Ni-Ni-Br axis, which is nearly linear.

S4a

The magnetic moments of these complexes are in the range
4.19-4.33 pp per formula unit, values which are in agreement
with the presence of three unpaired electrons. A variable temper-—
Weiss constant aof -3 K. More extensiye magnetic measurements
would be of much interest since EPR studies show that the molecule
has a quartet ground state as a result of a large ferromagnetic
intracluster coupling.5 b An analogous copper(I)-copper(II) com-
plex has also been characterized.

Macrocyclic Mixed Valence Copper(I)-Copper(II) Complex. Con-
densation of 5-methyl-2-hydroxyisophthalaldehyde with 1,3~
diaminopropane in the presence of copper(I1) perchlorate yields
the complex
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Electrolysis of an acetonitrile solution at -0.7 V followed by

an addition of ether yields a nearly black solid with the formula
[Cu(I)Cu(II)L](C1l04). A new solvent dependent band in the elec-
tronic spectrum of the mixed valence complex at about 900-1200 nm
was assigned to an intervalence transfer transition. At room
temperature, the EPR spectrum exhibits seven lines, while in
frozen solutions only four lines are present. 6 These observa-
tions suggest that the odd electron interacts with both copper
ions by a rapid transfer process at room temperature but is
localized on a single copper ion at low temperature. If the
primed hydrogen atoms in (24) aboye are replaced by methyl groups,
a four line spectrum is observed eyen at room temperature.5 The
steric requirements of the methyl groups probably affect the
conformation of the macrocycle and inhibit thermal electron
transfer on the EPR time scale.

The room temperature magnetic moments of a number of related
complexes are giyen in Table IV. The data show that the copper(II)
ions in the complex [Cu(II)Cu(II)L](Cl04),°2H70 are antiferro-
magnetically exchange coupled. An explanation of the significant
difference between the moments of [Cu(II)Cu(I)L](Cl04) and the
carbonyl adduct will require more extensive magnetic data.

y-Oxo-Bridged Ruthenium Complexes. Meyer and coworkers S
haye studied a number of mixed yalence oxo-bridged ruthenium com-
plexes, and based on chemical, electrochemical, ESCA, magnetic,
and spectroscopic data have concluded that complexes typified
by the salt [(bipy)ZClRuORuCI(bipy)Z](PF6)3 belang to class III.
As usual in this research, the approach adopted was a comparison




Table IV. Magnetic Moments at 25°C

Compound . Heffs» Hp
[cueu™ L1(C10,) , 21,0 0.60 + 0.04
[CuIICuIL](CIO4) 1.81 + 0.04
[cutlcu L(co)](c104) 1.94 + 0.04
(culculL) 0.19 + 0.25
[za''za" "L (C10,) , - 20,0 0.00 + 0.25

of properties of complexes in a range of oxidation states. The
structure of the like valence compound [(bipy)j(NOp)Ru-0-Ru(NO) =
(bipy) 21 (C104) 5 2H0 has been reported, 59 and the oxo-bridge
formulation confirmed.

The (III,III) compounds are paramagnetic at room temperature
with moments on the order of 1.8 g per ruthenium ion. The mag-
netic moments are consistent with the ruthenium(III) ions being
in the low-spin 4d3 electronic configuration. Variable tempera-
ture magnetic measurements were made on [(bipy),(NOj)Ru-

0- Ru(NOZ)(bipy)z](PFG)z and [(phen)z(Noz)Ru—O-Ru(NOZ)(blpy) j-
(C104) . The magnetic susceptibility of the 2,2’ -blpyridlne com-
plex maximizes at about 155 K, while that of the 1,10-phenanthro-
line salt shows the same property at about 110 K. The magnetic
susceptibility data may be fit very accurately with the Van Vleck
equation for systems consisting of a singlet ground state and a
low lying triplet state. The magnetic parameters which resulted
from a least squares fitting of the Van Vleck equation to the

data are
2,2'-bipyridine salt 1,10-phenanthroline salt
23, cm L =173 -119
<p> 2.48 2,29

The magnetic data can be interpreted in two ways. One inter-
pretation would assume strong coupling in a delocalized system,
while the second approach would inyvoke moderate spin-paired
interaction between two low-spin ruthenium(III) ions. In view of
the short ruthenium-oxygen bonds which ghould result in strong
spin-spin coupling and much larger ]ZJI values, and the chemical
and spectroscopic properties of the complexes it is reasonable
to conclude that the system is delocalized, The following




qualitative molecular orbital diagram based on the model developed
by Dunitz and 0rgel60 should apply:
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If this scheme applies, then 2J is a measure of the energy dif-
ference betweena singlet state of the type 1("1*2) and the triplet
state 3(n1*n2*), with the singlet state 1(m;*m*) being at higher
energy than 3(w1*n2*) because of Hund's rules. The low energy
intense bands in the electronic spectra can be assigned to the
transitions 7® » 7, Formation of the mixed valence complexes,
such as [(bipy)2ClRu-0-RuCl(bipy)2]+ would involve addition of

an electron to m,", and this process should destabilize the
Ru-0-Ru linkage, The chemical instability of salts of [(bipy)z—
ClRu—O-RuCl(bipy)2]+ are consistent with this explanation.




u-Pyrazine-bis[pentaammineruthenfum(II,III)] Ion. The mixed
valence ion [{Ru(NH3)glopyr]5+ has been the subject of many dis-
cussions since the results of some experiments may be interpreted
to indicate complete localization of the odd electron on one of
the ruthenium jons, while results of other experiments suggest
complete delocalization or very rapid transfer of the electron.
Drago, Hendrickson and their coworkers®l have presented extensive
evidence which favors trapped valences in the tosylate salt of
[{Ru(NH3) 5}, pyr]5+. The variation of the magnetic moment with
temperature for the like valence [III,I1I]-pyrazine dimer is
shown in Figure 5, where the moment has been calculated per mole
of dimer. The decrease of the moment with temperature parallels
the behavior of the monomeric compound [Ru(NH3)g]Clgy down to 15
K. The abrupt decrease in moment at about 15 K for [{Ru(NH3)s5lp-
pyr] &+ was thought to be indicative of a small intramolecular
antiferromagnetic interaction or of an intermolecular interaction.
Magnetic data below 4.2 K are necessary to resolve this important
question. The very small J value was interpreted to mean that
there is negligible overlap between the orbitals of the ruthenium
ions and the pyrazine bridge orbitals, and that the complex is
best described in terms of a localized scheme.

EPR results for the ruthenium(III) monomer is identical with
those for the pyrazine bridged [III,III] dimer, and other than a
resolution of the g, transition into two components, the spectrum
of the pyrazine bridged mixed valence compound yields a comparable
gy value of 2.66. Furthermore, the line-widths of the resonances
bands of the [II1,111] and [II,III] compounds are comparable.
These results were said to indicate that the presence of a
ruthenium ion at one end of a pyrazine bridge did little or noth-
ing ta perturb the ruthenium(III) on the other end of the bridg-
ing ligand, and to verify the conclusion that the mixed valence
compound belongs to Class II. A line-width stuvdy was interpreted
in terms of a rate of electron transfer slower than 109 sec—l
An NMR study showed that the rate was greater than 10> sec~l,
Thus, from the Arrhenius equation, the energy barrier lies
between 3.4 kcal mole™! and 6.7 kcal mol-l. Hush disagrees and

described a delocalized model and new EPR data in his presenta-
tion at the Tastitute.lll

A Mixed Valence Cobalt-Copper Complex. Kahn and coworkers62-64
have investigated a series of heterometallic systems of the
general formula NM'L where the ligand is the anion of the N,N'-
bis(2-hydroxy-3-carboxybenzylidene)-1,2-diamminoethane:

CMOM’ (25)
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The magnetic susceptibility of samples of the cobalt-copper com-
plex CoCuL-3H70 which have the same chemical composition may be

described by the Curie-Weiss laws x T = 1.69 k with 0.4 < k < 1
in the temperature range 30 to 300 K. All of these samples obey
the law with k = 1 after they have been heated in a vacuum. It

is thought that the solid phase equilibrium ColICull& colllcyl
is shifted to the left by the heat treatment.

The Curie constant suggests that the triplet spin state,
only, is occupied in the temperature range 30-300 K. This may
be understood if the single-ion ground state of cobalt(II) is a
doublet, and this doublet is interacting ferromagnetically with
the copper(1I) ion yielding a triplet ground state. The singlet
state arising from the interaction must lie much too high to be
populated in the temperature interval studied, thus implying a
J value of several hundred wave numbers, and the strongest ferro-
magnetic coupling reported to date.

Below 30 K, Xm*T decreases and reaches the value 1.55 cm3
mole~l at 3.6 K. This low temperature behavior probably arises
from an antiferromagnetic intermolecular coupling.

[Fe(II)Fe(II1)7(CHAC00)(0(H720)3]-2H70. The trimetallic
basic acetates have been the subject of many investigations of
exchange dating from the classical work of Welo®> and Kambe.
Lupu66 has prepared and studied iron(II)iron(III) mixed valence
basic acetate compounds. From magnetic susceptibility data in
the temperature range 94-296 K, he found the exchange coupling
constant between the iron(III) ions to be -36 cm™l, a value which
is comparable to that found for the iron(III) basic acetates.
However, the exchange integral between the iron(II) and iron(III)
ions was found to be temperature dependent, being 2.8 cm~1 at
100.7 K and -10 cm~l at 288 K. This behavior was attributed to
changes in bond distances. As Lupu suggested, more extensive
magnetic studies should be carried out on these interesting com-
pounds. Brown and co-workers have made such measurements;L08 they
found J[Fe(II)-Fe(ITII)] to be =50 cm‘l, J[Fe(III)-Fe(III)] to be
-14.5 cm“l, and both coupling constants tu be temperature
independent.

Mossbauer studies on [Fe(II)Fe(III),(CH3CO0)O0(H20) 3] 2H,0
and [Fe(II)Fe(III)z(CH3C00)O(px)3]-0.5 py show that the iron ions
are indistinguishable on the Mossbauer time scale at room tempera-
ture, but are readily distinguishable below 200 K.57 These data,
along with optical absorption spectra, support the assignment of
these compounds to class II.

Triangular Cobalt Clusters. The compounds C03(h5—C5H5)3Sq,
Co3(h5:C5H5)3(CO)S, and [Co3(h5—C5H5)3SZ]I haye structures con-
sisting of three metal ions in a triangular array which are capped
aboye and below by the two sulfur atoms or by one sulfur atom
and the carbonyl groups, with the cyclopentadienyl ions banded to




the cobalt atoms.®® These three comgounds exhibit a fascinating

array of magnetic properties. Cog(h?-CgH5)3(C0)S is diamagnetic,
and the monoxidized iodide salt is a simple paramagnet with a
magnetic moment which decreases linearly from 1.95 ug at 297 K to
1.77 ug at 83 K. At temperatures greater than 195 K the magnetic
susceptibility of the disulfide complex obeys the Curie-Weiss

law, but at 195 K there is an abrupt discontinuity and the mag-
netic susceptibility decreases to approximately one-half of its
maximum value within a 30° temperature range. Additional evidence
for a phase transition at 19268 K is provided by the calorimetric
study by Sorai and coworkers.

A lH magnetic resonance study of a CS, solution of the disul-
fide complex over the temperature range 163 to 324 K revealed
three distinct regions of paramagnetic shift dependence. For
T > 260 K the paramagnetic shift varies as 1/T and S = 1; below
173 K the shift is zero as expected for a diamagnetic substance;
while in the region 173 < T < 260, the shift reflects the spin
state equilibrium. However, the shift data can be fit by the
expression for the thermal equilibrium between singlet and trip-
let species only if a temperature dependent energy separation is
used,

Cubane Type Cluster Systems Containing Iron. Tetrametallic
cubane type cluster systems containing iron have been of corsider-
able interest since it is known that a distorted cubic cluster
Fe,S, is present in some non-heme iron-sulfur proteins, and com-
plexes of the type [(RS)FeS]4™~ (where RS is an alkyl or aryl
mercaptide) have been shown to be close structural and electronic
analogues af the proteins 9e Fe,S, cubane structure is also
present in dithiolene complexes of the type I{(CFg)ZCZSZ}FeS]gn‘,
and in cyclopentadienyl complexes of the type’2 [(h -CsHg)FeS],4n-.
An analogous tetrametallic complex with CO replacing the bridging
sulfur atoms is also known.’3

In the reduction of [(SR)FeS]gz_ to the trianion, there are
significant changes in the Mossbauer isomer shifts, quadrupole’
interactions, and magnetic hyperfine interactions at the iron
sites. These properties have been interpreted in terms of a
molecular orbital delocalized over the faqur metal ions. In the
dithiolene complexes [(RZCZSZ)FeS]AZ‘, there are only small

changes in the Mossbauer parameters. This observation indicates
that the orbital to which the electron is added is predominately
ligand based. Oxidation of [(h -CgHg)Fe(CO) ]4 to the monocation
results in a change in the quadrupole interaction and a small
magnetic hyperfine interaction, but there is na change in the
isomer shift. These results suggest that the electron is removed
from an orbital with some metal as well as ligand character.

The electron distribution in the series [(hS—CSHS)FeS]4“+




(n =0, 1, 2) is very complex. Mossbauer spectra consist of
single quadrupole doublets indicating that all iron atoms are
identical on the Mossbauer time scale. The puzzling feature is
that the mono-and dication exhibit the same electric quadrupole
splittings even though there are significant changes in the iron-
sulfur bond distances in going from the neutral molecule to the
cations.’> Reiff and coworkers conclude that the "invariance

of the isomer shift upon oxidation from the [neutral molecule]

to the [dication] suggests either that electrons are removed

from ligand-based orbitals with no change in metal 3d, 4s popula-
tion or that the electrons are removed from metal-based molecular
orbitals in the successive oxidations... and that in the result-
ing products... there is a redistribution of ligand electron
density to the metal atoms so as to result in little overall
change of metal orbital electron population.”

Magnetic data for the mono-and dications are given in Table

V, where it may be seen that both compounds are paramagnetic and
that the magnetic moment decreases as the temperature decreases.

Table V. Magnetic Data for [(h®-CgHs)FeS]gt/2+

[CpFes],” [CpFes], 2t
T,K ug Tk g
303 1.33 298 0.80
276 1.23 288 0.78
255 1 .20 252 Q.73
232 1005, 216 0.68
190 1.07 180 0.62
131 0.95 144 0.57

99 0.87 108 Q.53
52 0.77 78 0.48
2 0.67
11 .2 0.59

4,2 0.52

2.14 0.45

X .50 0.41

A magnetic moment of 0.87 ug/Fe would be expected for one unpaired
electron in the monocation cluster, i.e. 1.73 uB/JZ; the high
moments above 100 K indicate that higher cluster spin states are
occupied, while the decrease in magnetic moment at low tempera-
tures suggests an antiferromagnetic intercluster interaction.

The magnetic behavior of the dication suggests that paramagnetic
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states are being occupied, but Reiff and coworkers noted that a
large TIP contribution could not be ruled out. It is clear that
the electronic structures of these clusters are affected by

the terminal as well as the bridging  ligands. These effects can
be rationalized by qualitative molecular orbital calculations,75
but more powerful calculations as well as more experimental data
are needed before the behavior of these important class III clus-
ters can be thoroughly understood.

Di-p-acetato-tetrakis[p3-methoxo-2,4-pentanedionatocobal t—-
(II,III)]. A mixed valence compound containing cobalt(II) and
cobalt(III) may be prepared by the oxidation with hydrogen pero-
xide of a mixture of cobalt(II) acetate, 2,4-pentanedione, and
potassium hydroxide.76 The cluster has a cubane type structure
with cobalt ions and methoxide oxygen atoms at alternate corners
of the cube, and quasi-octahedral coordination of the cobalt ions
is completed by a chelated 2,4-pentanedionato group and by an
oxygen of one of the acetate groups which bridge the top and bot-
tom faces of the cube. Since the cobalt-oxygen bond distances
for one pair of these cobalt jons are 0.16-0.20 A shorter than
those of the second pair, it is likely that the former are the
cabalt(III) ionms.

The magnetic moment of the cluster is tcmperature dependent,
being 4.98 Jg per cobalt(II) at room temperature and 4,62 ¥p at
77°K. Although the geometry might suggest a class I system con-
taining a pair of exchange coupled cobalt(II) ions, the dark
brown color of the material makes such a classification suspect.

One-Dimensional Chains

Partially Oxidized Metallophthalocyanines, Reactions of
Fe, Co, Ni, Cu, Zn, Pt and metal-free phthalocyanines with iodine
vapor or solutions in solvents such as chlorobenzene yield darkly
colored solids of the general formula M(phthalocyanine)I,, where
x can take on values from less than one to nearly four, depending
on reaction conditions and the phthalocyanine.77a The mixed valence
character of these materials has been established by resonance
Raman data which shows that the iodine is present as I,”, by
iodine-129 Mossbauer studies, and by X-ray_structural studies on
Ni(phthalocyanine) (I3) 33. The [Ni(Ft:)]O-33+ molecules stack to
form one-dimensional chains, and the I3~ molecules are present
as disordered chains in channels formed by the phthalocyanine
units.’”® The electrical conductivity measured along the stack-
ing direction (the crystallo§raphic c axis) for [Ni(Pc)](I3), 33
is in the range 250-650 ohm™ em~1l, values which are comparable
to the electrical conductiyities ?g the most highly conductive
molecular materials yet reported. The electrical conductivity

increases as the temperature decreases until a maximum value of
o(T)/oRT of about four is reached near 90 K at which point there




is an abrupt drop in conductivity. Remarkably, there is no
sharp break in the magnetic susceptibility, which is weakly
paramagnetxc and increases with temperature, coincident with the
"metal-insulator' transition.

Iridium Carbonyl Chloride. For a number of years it was
thought that the compound originally characterized as Ir(C0)3Cl
was nonstoichiometric,79‘82 but recent work by Reiss, Hagley, and
Peterson has confirmed the initial formulation.®3 The chloro-
tricarbonyliridium(III) units of Ir(C0)4Cl gtack in a staggered
manner with an Ir-Ir distance of 2.844 (1) A and an Ir-Ir-Ir angle
of 178.53 (2)°. While it is true that data from physical measure-
ments on the stoichiometric material are yet to be had, the data
reported by Ginsberg and coworkers on their samples are very
interesting. It is likely that these latter workers were carry-
ing out measurements on a mixed valence compound, whose identity
is yet to be established. A detailed discussion of the experi-
mental observations including Mossbauer and magnetic suscepti-
bility must await the completion of this task.

Perylene-Metal Dithiolate Complexes. Ion-radical complexes
of the general formula (perylene))M(mnt), (where M = Ni, Cu, Pd,
Pt and mnt = maleonitriledithiolate) exhlblt relatively hlgh
electrical conductivities. The magnetic properties of these com-
pounds have been investigated in attempts to understand the
electronic structure of the constituents and to identify the con-
duction pathways.84‘86 A study of the temperature dependence of
the EPR spectrum of (perylene))Pd(mnt), revealed that the para-
magnetism was associated with two spin subsystems, and that each
of these is exchange coupled either pairwise or in linear stacks.
The magnetic susceptibility data for the copper complex suggested
that the Cu(mnt)2 sites were not completely in the monocanionic
form, thus implying that the average charge on the perylene sites
is less than +1/2., An analysis of the susceptibility data in
terms of the contributions from the constituents showed that the
magnetic susceptibility of the perylene spin system was largely
temperature independent over the range 100-300 K but increased
abruptly at 77 K in a manner similar to the temperature dependence
of the magnetic susceptibility of other conducting salts such as
quinolinium (TCNQ).,. The magnetic moment per formula unit of
Cu(mnt)® was found to be 0.85 upg while that of Ni(mnt)"~ was
1.99 ug. For Pd(mnt)"” it was estimated that there were 0.145

monoanions per formula unit.

KoPt(CN)4Bry 3°3H,0. The magnetic susceptibility of a sin-
gle crystal of KCP(Br) has been reported by Menth and Rice.
X 1is independent of temperature and equal to -160 x 10~ -6 cn3mole"1
a value which 1is very close to that expected for the diamagnetism
of the constituent atoms in yiew_of the measured diamagnetic
susceptibility of -136 x 106 cm’mole-l for K,Pt(CN), +Hp0. 88
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) is temperature dependent and in the temperature range 4.2 to
40 K may be described by the expression

1 83 -4
T X 10

xll = -100 x 10

In the temperature range 40 to 250 K the expression for xll is

2.50
T

X|| = -160 x 1076 + x 1073

The need for two Curie-Weiss laws to describe the temperature
dependence of the magnetic susceptibility also arises for iridium
carbonyl chloride and (H30)1_6[Pt(0204)2] nH,0.

Menth and Rice proposed an interrupted strand model for
xll of the form

2
Ho 8 V-4
# BSY 1 |Na 1 B®i
e 1/2N(EF) — i3 —10 —| | = (26)

2 kBT 2

where N(e_) is the thermal density of states at the Fermi energy,

N, is the number of strands per unit area perpendicular to the i
strand axis, and 1, is the mean length of the 1-D metallic boxes

which are formed by the random distribution of lattice defects

along the strand. The expression for x is valid for kgT << 4,

where 4 * 2N,/(N(eg)ly). A is the mean spacing of the energy

leyels within the box in the vicinity of the Fermi energy.

The first term in the expression represents the Pauli con-
tribution which arises from the boxes which have an even number
of carriers and which may be estimated. In a 1-D structure
N(ep) = 2N,/myp, where for KCP(Br) N, = 1014 cm™2 and vy - 108cm
sec'1 Substitution yields Xp ~ 5 x 10 6cm3mole-l.

The second term in expression 26 arises from the boxes which
haye an odd number of carriers. In principle, it should be pos-
sible to deduce 1,, but the result was thought to be unreason-
ably large. Also, the fraction of unpaired spins per platinum
site, f, may be estimated from the expression x =

8 72
n [ B J f/kBT, where ng is the number of platinum sites per

Z
unit volume. For T < 40, f = (2/g x 0.6 x 10‘3, and for
T > 40, £ 2 (2/g, )2 x 7 x 10-3 yhis parameter was thought to
be unrealistically small, and it must be concluded that this
model is not applicable to KCP(Br).




Kuindersma and Sawatzky have also measured the magnetic sus-
ceptibility of KCP(Br) and attributed the Curie behavior at low
temperature to the presence of impurity platinum ions in which
the d,.., dyz orbitals are the highest occupied orbitals.89 They
argued that the model used by Menth and Rice was inappropriate
and that a tight binding model would have been preferable. They
suggested that the electrons were strongly paired and that a
possible explanation may be found in terms of a semiconductor
model, where the band gap was much larger than 300 K. No details
on this proposal have been presented.

Phillips90 has suggested that the abrupt change in slope
of the Curie-Weiss plots is a third order phase transition
which is intrinsic and is associated with a lateral alignment of
paramagnetic domain tips. Along a given metal chain in KCP(Br),
or iridium carbonyl chloride, or (H30)1_6[Pt(C204)2]nH20 there
are quasi periodic microdomains which may have lLocallzéa spius
associated with electrons in tip states. At high temperatures
these spins are uncorrelated, but at low temperatures interchain
alignment may become possible.

(H30) 1 6[Pt(C204)2]nHy0. Magnetic susceptibilities of poly-
crystalline, partially oxidized samples of (H3O)l.6[Pt(C204)2;gﬁlu
with two different values of n, and the unoxidized potassium salt
have been measured in the temperature range 1.5 - 300 K.91 The
potassium salt is diamagnetic as expected, while the partially
oxidized acids are diamagnetic down to 15-20 K at which point
they become paramagnetic, Two Curie-Weiss laws are required to
fit the temperature dependence of the magnetic susceptibility.
The sample with a relatively large water content has a magnetic
moment of 0.097 up above 17 K and the moment is 0.079 ug below
17 K. The corresponding values for the sample with a relatively
small water content are 0.1l pg above 22 K and 0.097 ug below
22 K. It is thought that unusual magnetic behavior of these
compounds are characteristic of linear chain, metal-metal bonded,
partially oxidized systems. The paramagnetic behavior may arise
from defects or localized singly occupied states, but no explana-
tion has been put forth for the abrupt change in slope of the
Curie-Weiss plots.

Random Exchange in Quinolinium (TCNQ)>. Quinolinium (TCNQ),
is a charge transfer compound consisting of separated stacks of
quinolinium ions and TCNQ ions. The very high electrical con-
ductivity of the material has attracted a great deal of attention
and a number of elegant studies have been described in the liter-
ature. The magnetic properties are of especial interest. At
relatively high temperatures the magnetic susceptibility is
essentially constant, but at low temperatures there is a Curie-
like tail. Azevedo and Clark?l have been successful in treating
the magnetic behayvior of quinolinium (TCNQ); using the Bulaeyskii




model for a random exchange Heisenb§§T chain with a density of
€

states having the form p(e) = Ak (a- |-@, where A and a are
parameters selected to fit the data. The best fit of the magnetic
suscegtibility data to the Bulaevskii model yield A = (1.81 + 0.1)

x 1073 Ko-1 and a = 0.82 + 0.01. 1If one takes these values and inte-
grates the density of states equation, a 3% molar concentration

of spins with e/k < 10 K is obtained. The other 97% of the spins
must be involved in exchange interactions for which J/k > 10 K.

A detailed description of the susceptibility follows from the
specific form of p(J) given above.

Two Dimensional Sheets

Potassium Copper Sulfide, KCusS3. The mixed valence compound
KCu4S3, which contains three copper ions in formal oxidation
state +1 and one copper ion in formal oxidation state +2, has a
layered structure of sulfur bridéed copper ions where the layers
are separated by potassium ions. 2,93 ' The copper ions are tetra-
hedrally coordinated by sulfur atoms, and with all copper ions
are equivalent. The tetrahedra form the layers by sharing edges
and vertices ir this Class IIIB compound.

The conductivity of pressed pellets of KCuyS3 is 4.1 + 1.1
x 103 ohm~lem=1l at room temperature and rises to 6.1 x 104 ohm~1
cm™l at 18 K. Although it has not been possible to obtain cry-
stals for complete anisotropic measurements, the conductivity in
the Elagf has been measured at room temperature and is v 8 x 103
ohm™cm . As expected, this metallic material possesses a very
small paramagnetic susceptibility that is nearly temperature
independent. Below 15 K there is an increase in susceptibility
which follows the Curie Weiss law with C = 0.00477 and 6 = 0.16.
This behavior suggests the presence of a small concentration of
paramagnetic sites, either defects or paramagnetic impurities.
If the Curie-Weiss paramagnetism is subtracted from the observed
magnetic susceptibility, then a residual molar susceptibility
of v 7 x 1072 cgs mole™™ results. This is a sum of second order
single ion TIP and Pauli paramagnetism, and it is difficult to
eyvaluate either of these independently.

Layered Transition Metal Dichalcogenides. Layered transi-
tion metal dichalcogenides such as 2H...TaS, and 2H...NbSe, may
be readily intercalated with organic molecules, metal atoms, and
other o donors. The intercalated substances frequently have
higher superconducting transition temperatures than the precursors,
but in some cases the transition temperature is shifted to lower
values. Hydrogen may be intercalated in 2H...TaSp, 2H...NbSe,p,
2H...NbSy, and TiS; (but not in 1T...TaS,, HfSjp, 2ZrSp, or MoSj)
by electrolysis in acid solution.9% 1In these compounds hydrogen
acts as an electron donor.




Magnetic susceptibilities of 2H...TaS; and four hydrogen
intercalated compounds HxTaS; are given in Figure 6. There is a

marked decrease in X, for 2H...TaS) near 80 K. This decrease in
magnetic susceptibility, which is caused by superlattice forma-
tion, is suppressed by hydrogen intercalation and is absent when
X > 0.11. Some pertinent magnetic data are summarized in Table
VI, where it may be seen that the compound with the highest
superconducting transition temperature (X = 0.11) shows the
smallest, positive Ax. It is thought that the bonding is due to
charge trarsfer from hydrogen to the d band of the tantalum sul-
fide layer, and that the enhancement of the superconducting trans-
ition temperatures is due to a suppression of a charge density
wave near 80 K.

Table VI. Magnetic Properties and T, of Tantalum Sulfides

6
x(max) x 10 Ax T, K

Compound enaly fx(mas)=y05.2) ] c
2H...Ta82 +.725 +0.134 0.8
Hp,06TaSy +.622 +0.078

H0.09T352 +.590 +0.020

HO.llTaSZ +.606 +0.002 4.2
Hg 15Tas, +.523 -0.003

Hy g7TaSy (-0.190) 0 <0.5
Ta1.0552 +.472 +0.050 3.6

None of the H,TiS) compounds were superconducting above 0.5K,
and the compound H,NbSejy with ¥ = 0.0l exhibited an enhancement
in T. of 0.2 K (to 7.45 K); while for the compound withx = 0.2,
T. was less than 0.5 K. 2H...NbSep also has a distortion at about
35 K, which is suppressed by intercalation.

Three-Dimensional Polymers

Prussian Blue. The mixed valence compound Fe(III),[Fe(II)-

(CN) g]3+14H70 has been a frequent object of study.93 1In this com-
pound the iron(II) ion, being coordinated by six carbon atoms,
occupies a strong-field octahedral site, while the iron(III) ions
are in two different kinds of weak-field sites. In one of these
high spin iron(III) ions are coordinated by six nitrogen atoms
from the cyano ligands coordinated to the iron(II) ions, while

in the second site the high spin iron(II1) ions are coordinated
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by four nitrogen atoms and two water molecules. Although the
paramagnetic iron(III) ions are at least 10.16 A apart, and pre-
sent in the linear bridge arrangement Fe(III)-NC-Fe(II)-CN-Fe(ILI),
the substance orders ferromagnetically above 5 K. Using molecu-
lar orbital theory, Mayoh and Day96 have calculated the ferromag-
netic coupling energy in terms of a ''valence delocalization
coefficient". This latter parameter was calculated from pertur-
bation theory to be 0.083 and was estimated from the intensity

of the mixed valence band to be 0.106. From the relationship

Egm ~ kpTo, they estimated T, to be 11.2 K from the calculated
coefficient and 6.6 K from the experimentally estimated coeffi-
cient. Ludi and coworker have recently measured the magnetic
Erggsrties of deuterated Prussian blue and found T. to be 5.6 +0.1

a value which is in 8ood agreement with T. of 5.5 + 0.5 K
for Fe,[Fe(CN)gl3-14H,0.11 o

The close agreement between the experimental and calculated
Curie temperatures lends support to a mechanism which involves
delocalization of formally tj, electrons of the iron(II) ions
onto the iron(III) ions. Since the t2g and e, orbitals of the
iron(III) ions are half occupied, they may accept electrons of
only one spin. Since there are six iron(III) ions about a given
iron(II) ion, the spins of these six ions are correlated, and
the process is repeated throughout the lattice. Mayoh and Day96
calculated the energy per each iron(II) center when the spins of
the six neighboring iron(III) ions were all arranged parallel to
one anaqther, and when the six spins were arranged randomly, and
attributed that energg to the ferromagnetic coupling energy.

The recent prediction 7 of a very low ordering temperature in
yoltaite98 demonstrates the power of the computational technique.

Iron Fluoride Dihydrate. Brown, Reiff and coworkers?9 have
made Mossbauer and magnetic susceptibility measurements an
FepFg-2H20 which show that the material orders ferrimagnetically
at 48 K, Above the critical temperature distinct quadrupole-
split MOssbauer absorptions were observed for bath the iron(II)
and the iron(III) sites. These observations demonstrate the
nonequiyvalence of the oxidation states and establish FeFg5-2Hp0 as
a class II mixed yalence compound. Ferrimagnetic ordering was
established by the obseryation of spontaneous magnetization,
field-dependent susceptibilities, and a saturation moment cor-
responding to a formula unit spin of S = 1/2. Below the critical
temperature the Mossbauer spectra exhibit the magnetic hyperfine
structure expected for ferrimagnetic ordering.

The magnetic susceptibility data aboye the Neel temperature
are plotted as x~1 yersus temperature in Figure 7, where the
solid line is the best fit to the equatiqn for the Neel hyperbola

Xh = (T-T) (T-T¢ ") /[C(T-6") ]

with the parameters T, = 48 K, T,' = -200.9 K, 6' = 25,8 K, and
C=6.74. At high temperatures the Néel hyperbola asymptotically




approaches Curie-Weiss behavior, and at the ferrimagnetic Néel
temperature the hyperbola becomes infinite. For Fe;F5-2H,0, the
limiting high-temperature magnetic sysceptibility obtained from
a fit of the Curie-Weiss law to data in the temperature range
200-250 K is given by x = 6.74/(T+179). The effective magnetic
moment calculated from pefs = 2.828 Cl/2 is 7.34 LB, a value to
be compared to the moment of 7.68 up which is predicted for two
noninteracting high spin iron(II) and iron(III) ions with g = 2.
The negative 6 in the Curie-Weiss law implies antiferromagnetic
interactions between Fe(II) and Fe(III).

Below the Néel temperature long range order is expected for
ferrimagnetic materials, and, as expected, Fe,F5-2H20 exhibits
spontaneous magnetization in zero applied field. Qualitatively
the behavior agrees with that predicted by a Brillouin function
with § = 1/2 and provides additional evidence for ferrimagnetic
ordering. Finally, the saturation moment is 1.2 pg. For a nega-
tive coupling constant between Fe(II) and Fe(III), a saturation
moment of 1.0 ug would have been expected, while a positive
coupling between these ions would yield S = 9/2 and a saturation
moment of 9 ug.

Iran Fluoride Heptahydrate, FesFc:7H,0. The magnetic sus-
ceptibility of a powdered sample of Fe)Fg-7H70 has been measured
as a function of temperature using a vibrating sample magnetometer
operating at 10 kQe,l00 A transition to an antiferromagnetic
state was observed at 3.0 + 0.2 K. Using data collected in the
range 4.2 - 60 K, a magnetic moment of 7,68 yp and a Weiss con-
stant of 6.9 K may be calculated. This is precisely the magnetic
moment expected from the spin-only values of the two iron ions.
Although ferrimagnetism may have been expected, no spontaneous
magnetization was obseryed below Ty, so the authors proposed a
four-sublattice model to account for the observed behavior.
Additional measurements are needed in order to sort out the inter-
actions in this mixed yalence compound since the Mdssbauer and
spectroscopic results of Brown and coworkerslOl lead to the con-
clusion that FeyFg5.7Hp0 is a class I material.

Cheyrel Phase Compounds. Compounds of the general formula
MxMogSg with M = Cu, Pb, Sn, Ag, rare earths, etc., which were
first reported by Cheyrel EE.El'loz have attracted considerable
attention since they undergo a transition to a superconducting
state, 103 The structure of these compounds consist of MogSg
units with the second metal atom occupying positions between the
clusters. The identity and concentration of the second metal
atom has a dramatic effect on TC.104’105 The rare earth molyb-
denum sulfides (RE)xMogSg (x v 1 for the light rare earths and
x Vv 1.2 for the heavier ones) are superconducting even in the
presence of a high concentration of magnetic ions. Extensive
magnetization measurements hayve been reported for the series of
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Figure 7. Magnetic susceptibility data for Fe Fg-2H90. The
solid line is the best fit of Néel ﬁyperbola to the
experimental data.




compounds (RE) MogSeg (x ~ 1; RE = La, Ce, Pr, Eu, Gd, Yb, and
Lu) .106 The susceptibilities of CeMogSeg, PrMogSeg, and YbMogSeg
deviate marked from Curie-Weiss behavior above 10 K because of
crystal field effects. There is a small exchange interaction
between gadolinium ions in superconducting Gdj sMogSeg which
leads to long range order at 0.8 K but CeMogSeg, which apparently
becomes ferromagnetic, does not superconduct above 0.05 K. The
compound Er ,MogSeg undergoes a transition to a superconducting
state at T, = 5.70 - 6.17 K, and the Er3* ions order antiferro-
magnetically at 1.07 K. The ordering does not result in the loss
of superconductivity.107 These compounds provide very good exam-
ples of substances which exhibit coexisting superconductivity

and long range order.
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