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A. INTRODUtXION 

The study of transition metal ion complexes by magnetic and optical tech- 
nques has furnished a considerable body of empirical data, much of which can be 
understood m terms of the phenomenological hgand field theory. A major portion 

l NRC-NBS Postdoctoral Research Associate, 1967-1969. 
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of these data is primarily concerned with complexes contammg a single para- 
maguetrc transition metal Ion; relatively httle information is avarlable on drmeric 
or trimeric coordination complexes. In complexes conuumng two or more para- 

magnetrc transition metal ions, an mtramolecular exchange interaction between 
the unpaired electronic spins may occur. 

An important mdrcation of intramolecular exchange coupling in complexes 
whrch contain more than one transition metal ion 1s the characteristic devratron 

of the magnetic susceptrbihty of these compounds from the Curie-Weiss Law. 
When an rsotropic mteractron occurs between two paramagnetic metal xons with 
spins S, (= *) and S, (= 3), the exchange interaction term JS, - S2 IS required m 
the spin Hamiltoman. J 1s defined such that a positive value corresponds to an 
antiferromagnetic mteractron rn which the ground state IS a singlet and the triplet 
state IS J energy umts above the ground state. If J, expressed in units of temper- 
ature, is of the same order of magrutude as the temperature range over which 
measurements are made, and if J is not a functron of temperature, then the tem- 
perature dependence of the magnetic susceptibihty, as first formulated by Bleaney 

and Bowersl, IS m accordance with the relation: 

1 

TC3 + exp (J/TN 
(1) 

Numerous copper(H) Ion complexes are known which exhibit this behavior, 
the excellent review by Kato Jonasson and Farming2 hsts well over one hundred 

of these complexes_ Metal-metal mteractions have also been discussed by Lewis3, 

Lewis and Nyholm4, Stone’, and Cotton6. Two recent reviews on the current 

status of susceptibility studies have been pubhshed by Martm’ and Ball’. 
Concurrently, solid state physrcists have been exploring the orrgms of anti- 

ferromagnetism by doping paramagnetic ions mto diamagnetic host lattices. Elec- 
tron paramagnetic resonance, magnetic susceptibility and optical studies are being 
performed on samples containing a high concentration of the dopant material in 
order to ascertain the nature of the magnetic mteractions in the pairs, triads or 
larger clusters of metal ions which may be present m such materials. 

These studies have been the subject of a number of reviews. Owen has been 
partrcularly active in this area and his papers and review are recommendedg-‘3. 
In addition, a number of review artrcles published m the four volume series en- 
titled Magnetism are particularly useful, notably those of Stevens14, Anderson15, 

Monya 16, Sugano and Tanabel’, and Smart’* Goodenough’s booklg and his 

review paper* O are also important contnbutions to the literature in this area, as 
are some portions of the Proceedings of the Conference on Magnetism and Magne- 

tic Materials, which are pubhshed as supplements to the Journal of Apphed 
Physics*’ and the Journal of the Physical Socxety of Japan**. Kokoszka and 
Gordon23 have reviewed studies of various aspects of metal-metal exchange inter- 
actions performed before the middle of 1967. 
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In this paper, the discussions are pnmarily restricted to the more recent 
investigations of paramagnetic complexes which contam interacting transition 
metal ions. A number of special topics are also mcluded in this review, such as 
supertransferred hyperfine fields, biquadratic exchange, anttsymmetrical exchange, 
and one-dimensional annferromagnetism, a subject which has recently gamed the 
increasing attention of morgamc chemists. 

B. THEORETICAL SURVEY 

(i) Elementary exatnp Ie 

The magnetic behavior of a complex which contains two magnetic ions may 
often be described by a model which considers the total molecular complex as 
consisting of two smaller units which are weakly mteractmg. Ligand field theory 
generally provides a convenient theoretical framework for a description of the 
individual units In order to describe the magnetic behavior of the whole molecular 
complex, a spm Hamiltoman is formulated for each umt and the spin-spm mter- 
action terms are added. 

The spin Hamdtoman, a convenient shorthand device for representing the 
entire data in a concise fashion, can be used to describe the interaction of a single 
electronic magnetic moment of a paramagnetic monomeric complex with an ex- 
ternal magnetic field. With few exceptions, this Hamiltoman is quite sufficient, 
though a number of very recent studies, both theoretical and experimental, suggest 
that the original concept of the spin Hamiltonian is too hmited24. The discussion 
in this chapter will be limited to cases where the use of the spm Hamlltoman is 
justified on experimental grounds. 

For an octahedral complex which contams a metal atom with a nuclear spin, 
I and one unpaned electron, the spin Hamiltonian, expressed as a function of an 
isotropic g and A value, as required by symmetry, is 

z? = g/?a*S+AS-P (2) 
In general, g and A will usually be anisotropic for lower symmetry environment. 
If the ligands contain nuclei with non-zero nuclear magnetic moments, it is also 
necessary to Include terms in the Hamiltoman which reflect the interaction of the 
magnetic (unpaired) electron or electrons with these nuclear moments. 

For S greater than one-half, terms reflectmg the electronic spin-spin inter- 
action must also be included m the spin Harntltonian. The direct interaction of 
the external magnetic field with the nuclear moments should, for completeness, be 
included as well. 

When two magnetic ions are sufficiently close together to interact, additional 
effects may be observed. If the spin-spin coupling mteractton is Isotropic, the most 

Coordrn Chem. Rev, 5 (1970) 209-244 
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. 

common of these effects may be represented by a cosine coupling expression, the 
Heisenberg Hamrltonian JSr - &. The total spm of the coupled spin system may 
then be represented by a resultant spm vector 

S = S,+S, (3) 

This revrew is prrmartly concerned with cases where the magnitude of J is 
considerably less than typrcal crystal (hgand) field energies, whrch are often of the 
order of 10,000 cm- ’ for transition metal ran complexes. Specrfically, this revrew 
~111 be concerned with cases where J - 1,050 cm-’ or less 

It is particularly important to note that when the spm Hamiltonian is em- 
ployed to describe magnetic data, the orbrtal variables and the crystalhne field 
parameters do not exphcrtly appear. For this reason, typical energies for the para- 
meters m the spin Hamdtonian of the mdrvidual units are of the order of magtutude 
of 1 cm-‘, which IS often much smaller than J. In a later section, some of the 
observed anisotropic spin-spin couplmg effects whtch may be ascribed to the 
anisotropies of the “indrvidual” metal ion complexes comprrsing the cluster com- 
plex ~111 be drscussed. 

A simple antrferromagnetic system would be one which consists of two 
transrtion metal ions, each possessing one unpatred d eIectron. Assuming that the 
orbital angular momentum IS completely quenched, that the spin-orbrt interaction 
and the drrect dipolar interaction can be neglected, that the axis jouung the two 
ions is the high symmetry axis (e-g , a Dnh axis with n > 3), that the isotropic 
Heisenberg Hamiltonian JS, - S, (3Ep12) describes the spin-spin coupling, and that 
it is the largest term in the combmed spin Hamtltonran, then the total spm Hamd- 
tonian may be expressed as a function of the single ion HamdtoniansZ, and*, 
and the Heisenberg Hamiltonran _Wlz as 

The two S = 3 Ions couple to form a singlet (S = 0) and a triplet (S = 1) state. 
For posrtrve J, the smglet state is lowest and the energy separation between the 
singlet and the triplet state is equal to J. Mathematically, the smgle ion Hamd- 
tonians and the Hersenberg Hamdtoman may be written as 

The total spur Hamrltonian -nay be rewrttten as follows: 

Z? = (gz+g#(S1+Sz) - ~+JI2LS(S+l)--Ss,(S,+l)-Ss,(S,+l)]+ 
AI2C(S,+ s2, - (~~+P,)~+AI~C(~,--S,)I - II@,--211 
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or, preferably. as 

%’ = g/IS - i!7+ J/2[S(S+ l)- ‘It] +A/2(S) - (I, +&) (4) 

S may be either zero or one. The triplet state is at anenergy l j,Jand the singlet state 
is at an energy -3/4J when no magnetic field is applied. 

If the magmtude of the isotoptc cosine coupling term in the spin Hamiltonian 
of two exchange coupled paramagnetic ions is much larger than any of the other 
terms, and if the g factors for the individual ions are known and isotropic, or if 
the principal axes for the individual ions are parallel, then the g factor for the 
coupled state may be calculated as followsz5. 

If spm S, wtth g value g1 is coupled to spin S, with g value g2, then the 
total spin angular momentum of the system is S = S,+S,, characterized by the 
quantum numbers S, ikf, S1 and S, ; the mean value of g m the expression 

gl-= = &1+92~2 

is given by 

g = ~(sl+92b-_)(gl-_g2) 
S&S~+1)-&(&+1) 

S(S+ 1) (5) 

Gibson, Hall, Thornley and Whatleyz6 incorporate thts expression m their 
analysis of the EPR spectrum of reduced spinach ferredoxin. In this study, it was 
proposed that the reduced complex contains exchange coupled iron ions, one ferric 
and the other ferrous, wtth bridging sulfur hgands. The complex, schematically 
represented as 

Fe3’ (d5, 5 = 512) - Sulfur liga.nd(s) -Fe’+ (d6, S = 2) 

will have a total spin of 3 in the ground state if the exchange interaction 1s anti- 
ferromagnetic. With S, = 5/2, S2 = 2 and S = 3, the experimental g value should 
be 

g = (79,--4g2)P (61 

These workers chose g1 = 2.019 (tsotropic). The expertmental values g, = 
1.88, gp = 1.94, and gz = 2.04 were used to calculate g2 in the three principal 
drrections A satisfactory fit of the data was obtamed with a simple model for the 
ferrous ion. In addition, thts model is consistent with a strongly temperature- 
dependent relaxation mechanism, which operates by a two phonon process involv- 
mg the other low-lying states, S = 3/Z, S = 5/Z, etc. 

For exchange coupled copper(nickel(n) pairs, the g values for the cop- 
per(U) ion have been assumed to be equal to those measured for the Cut’-Mu 
pairs, where M” may be one of the diamagnetic metal ions Znu, Cd” or 
Pduz7. The g-values for the copper@) ion areg, = 2.32, gX = 2.06 and g,, = 2.08 

Coordm Chem. Rev, 5 (1970) 209-244 



214 G. F. 

With the measured value for the pairs gZ = 2.14, gX = 
the equation 

9 = (4/3)g,, -(1/3)gclI 

KOKOSZKA, R. W. DUERST 

2.54 and g,, = 2.49, and 

(7) 

the calculated values of g for the mckel IOII are g= = 2 19, gX = 2.42 and gY = 2.39. 
The interpretation of this large anisotropy m the g factor for a mckel(E) ion sug- 
gests that the nickel IOKI is m a five-coordinated square pyramidal environment. 
This implies that the nickel@) ion enters the host lattice substitutlonally, an ob- 
servation consistent with other experimental results. 

When the Ions are identical, the second term in the general expresslon given 
above is zero and the g factor for the pair is identical to the g factor for an m- 
dividual IOIL On the other hand, extremely strong exchange mteractlons involving 
extensive metal-metal covalency or large orbltal effects would necessitate certam 
modifications m this theory. 

The electron paramagnetlc resonance observed m the trlplet state consists of 
21+1 lines with a hyperfine sphttmg of A/2; A is the hypefine splitting for the 
individual ions. Usually more than one set of 21+ 1 Imes is observed m a triplet 
state smce an arusotropic sprn-spin Interaction gives rise to a zero field sphtting. 
For example, a dipole-dipole mteractlon ~111 remove the three-fold degeneracy m 
the triplet state so that even m the absence of a magnetic field, the MS = 0 and 
the MS = _+ 1 Ievels will have different energies. The application of a magnetic 
field will cause the energy levels to separate as shown in Fig. 1; the two allowed 

Magnetic field 

Fig 1. The energy level diagram for a triplet state (.!5 = 1) The two allowed transitions are 
represented by arrows of length h. 



EPR STUDIES OF EXCHANGE COUPLED METAL IONS 215 

transitions AM, = + I are also shown. The energy of the spin-spm interaction is 

usually small compared to J and is often comparable to typical microwave 
enermes, 

The position of the resonance hnes wdl be a function of the angle between 
the magnetic field and the high symmetry axis joining the two metal ions; such 

resonances are expected to follow the usual dipolar expression (3 cos2 13- 1). 
Whether or not the two resonances can be observed in ail orrentatrons will be a 
function of the relative magmtudes of the mIcrowave energy and of the dipole- 
dipole interaction. If the latter term 1s sufficiently large, the low field resonance 
may not be observed in certain orientations. The mtenstty of the resonance lme 
may also become quite weak at low fields, as observed for copper acetate mono- 
hydrate’ 8. 

The analysis of the EPR spectrum of an antrferromagnetlc polycrystalline 
substance with S = 1 and wrth the direction of largest zero field sphtting parallel 
to a principal axis of the g tensor, is only shghtly more complicated2’ than that 
for the case of an S = 1 2 species, discussed previously by many authors. Kokoszka 
and Gordon24, for example, ana y 1 ze a simple example and include an extensrve 
hst of references. 

In a sample of randomly oriented axially symmetric crystallites, the prob- 
abihty that the axially symmetric axis is perpendicular to the drrectton of a magnetic 
field is highest. Conversely, the probability that this axis of symmetry lies in a 
direction parallel to that given field direction is the lowest for random orientatton. 
Therefore, the “perpendtcular” portion of the spectrum from a polycrystallme 
sample IS considerably stronger than the “parallel” portion. 

A schematic illustration of the spectrum obtained from a polycrystalline 
sample of copper proplonate monohydrate and zinc-doped copper propionate 
monohydrate IS shown2g in Fig. 2. The former species has a spin of 1, and the 
spectral components associated with it are labeled T. The latter species has a spin 
of 3 and the sahent EPR features are labeled D. The two components, D,, and D, 
correspond to the “paralIel” and “perpendicular” portions of the S = t spectrum 

I , 11 ,_#____,__ 
a2 04 06 

Fig 2 Schematic representation of the polycrystalIine EPR spectrum obtained from copper 
propionate monohydrate (labelled with D’s) and zmc-doped copper proptonate monohydrate 
(labelled wth D’s). 

Coordm. Chem Rev, 5 (1970) 209-244 
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with an anisotropic g tensor (g,, > gJ. For an S = 1 species with a large zero 
field splitting, there wdi be two ‘Cparallel” and two “perpendicular” sets of lines. 
The two lines labeled TL are the perpendicular components of the S = 1 spectrum; 
it is assumed that the g tensor for the S = 1 species has the same values as for the 
S = 3 species. Similarly, the two lines labeled T,, are the parallel components of 
the S = 1 polycrystalline spectrum. The resonances labeled with primes are as- 
socrated with the LIM = 2 transitions. As a first approximatron, the g value for 
the parallel portion of the spectrum may be related to Planck’s constant ii, the 
Klystron frequency v, the Bohr magneton /? and the average value of the parallel 
field components, I&, by the expression: 

hv = gj?H, 

Experimentally, the derivative of the absorption Iine is usually recorded. 
The perpendicular portron of the copper propionate spectrum which occurs at 
about 0.1 Tesla (lo5 gauss) is shown in Frg. 3: 

100 105 

Rg 3. Experimental EPR spectrum of the perpendxcular component of copper propionate which 
occurs at about 1 Tesla. 

A number of complexes are known to have structures srmilar to that of 
copper acetate2’. These include not only the other copper alkanoates, the chro- 
mium30, and molybdenum acetate complexes31, but also dimeric copper adenine 
complexes . 32 A schematic representation of the latter complex is shown in Fig. 4 
and its polycrystalhne EPR ~pectrum~~ is shown in Ag. 5. The dominate spectral 
features include the two perpendicular components (0.37 and 0.25 Teslas) and the 
dM = 2 spectral regron (0.3 Teslas) 2g The parallel portions are of much lower . 
intensity and the high field parallel portion is shown in Fig. 6. Magnetic para- 
meters obtained from such spectra furnish data with a precision comparable to 
that for single crystal data. 

Empirical deviations from the aforementioned elementary equations are 
often observed and their sources are man&old. If the magnetic data are not ade- 
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Fig 4. A schematic representation of a dimenc copper adenine complex. 

Fig. 5. The polycrystalline EPR spectrum of a dimenc copper adenme complex 

I I I I I 

041 042 

Fig 6. The high field parallel potion of the polycrystalhne EPR spectrum of a dimeric copper 
adenme complex. 

quately described by the inclusion of the isotropic Heisenberg interaction and by 
an anisotropic g tensor in the spin Hamiltonian, then an additional term, the 
anisotroplc spin-spin coupling expression, may be required. The direct dipolar 
interaction must often be incIuded3e36 as well as orbital effects which are quite 
important in many systems3 740. 

Furthermore, for two ions, each with a spin greater than one-half, or for 

Coor&~ Cfzem. Kea ,5 (1970) 209-244 



218 G. F. KOKOSZKA, R. W. DUERST 

cases with more than two ions III the cluster, it is necessary to include other spm- 
spm mteractlon terms in the Harmltonian’4~41-44. Vibronic effects can also be 
important in some cases 4s For some complexes, Jis not very large with respect _ 
to the other terms in the duneric spin Hanultonlan46; and a somewhat different 
analysis must be employed. The magnetic electrons centered primarily m the orbi- 
tals of one metal ion may be transferred mto the orbitals of a neighbormg second 
metal Ion. Tlus supertransferred hyperfine field (STHF) has been observed m a 
number of cases474g. 

All of these effects must be considered in order to present a plausible and 
reasonable interpretation of the emplncal results of dimeric complexes, and in 
order to elucidate the nature of the metal-metal, metal-ligand, and metal-ligand- 
metal bonding in these complexes. A more-detaled dlscusslon of several of these 
effects is now in order. 

(ii) Zero fieId splitting 

In a complex which possesses an odd number of electrons, Kramer’s theorem 
dictates that the ground state has at least a two-fold degeneracyz4. However, when 
the total number of magnetic electrons IS even, then the degeneracy of the ground 
state may be removed in accordance with the Jahn-Teller effect, The terms III the 
spin Hamiltoman which analytlcally represent this phenomenon are usually de- 
fined as D and E. As an example, consider the spin Hamiltonian for an S = 1 
species with E = 0 

If the magnetic field is along the z axrs, then the energies of the three sprn 
states S = 1, MS = 1 (J 1, 1)); s = 1, MS = 0 (1 1, 0>), and s = 1, MS = -1 
(I 1,-l>) are 

I 1, l> gSH-f-D 

i LO> 0 

l&-l> -gPH+D 

The two transItions from the 1 1, - 1) state to the I 1, 0> state and from the 
1 1,0> state to the 1 1, I> state are described by the selectlon rule d&Z = 1. These 
transitions occur at energies hv, = g/MI --D and hv, = g/GY2 -i-D respectively. 
In typical experiments, the microwave frequency IS held constant, v1 = vz, and 
the value for D IS furmshed by the expression 

D = g/W,--A;) 
2 

(8) 

For systems in which 1F # 0, the term E(SX2+Sp2) must also be included 
in the spin Hanultonian. The magmtude of E may be associated wth the degree 
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to which the zero field splitting has deviated from axml symmetry. Normaliy, D 
IS much larger than E. 

The origm of the observed zero field sphtting may be attnbuted to the 
following interactions: (1) the dipolar interaction1*‘4*L8*34S4g (2) the antisymme- 
trical spin-spin interactron50*51, (3) the single ion zero field splitting”, and (4) the 
isotropic exchange interaction itselfZz*’ 8*52. 

The magnitude of the dipolar interaction term, determined primarily by the 
coulomb (or exchange) and spin-orbit interactions, is (lt/d)2J; rZ is the spm-orbit 
coupling constant, A is the energy separation from the ground state to an ap- 
propriate excited state and J is the isotropic exchange parameter. As a first ap- 
proxtmatron, this contrrbuting term is expected to increase wrth atomic number 
within any of the transition periods, since the spin-orbit coupling increases in 
that fashion. 

The magnitude of the dipolar term is also determined by the dipole-dipole 
mteractton, but to a lesser extent. This mteractron between the electronic spins wrll 
give rise to a sphtting 1x1 the triplet state. The magmtude of this interaction, ex- 
pressed as a function of the magnitudes of the magnetic moments pr and y2 and 
as a function of the separation between these spins may be estimated on the basis 
of a classical expression &p2/r3. For two ions separated by about 2SA, as in the 
case of the copper alkanoate system, the direct dipole-drpole interactron energy is 
about 0.2 cm-‘. 

Terms have been introduced whrch represent combinatrons of these inter- 
acttons. Van Vleck14*4g, for example, Introduced the term “pseudodipolar” mter- 
actron, which IS the sum of an rsotroprc exchange mteractron together with a 
drpolar interactron. The most general biquadratic form of this interactton for pairs 
of rdentrcal and isotropic g values 1s 

-Js, . s,-+C .i54,- 
3(5, - iq (S, - F) 

F2 1 
Also, Bleaney and Bowers’ derived an expression which represents the combined 
effect of the crystalhne fieId and the exchange interactions. Their expression for 
the copper alkanoate system, takes the form 

D = f[4Jl(~lAE,)2- J,(;lJAE2)2 J (10) 
AE, and AE, are of the order of 10 Dq, and J, and Jz, the exchange integrals in 
excited configurations, are believed to be of the same order of magnitude as the 
J value in the ground state’*“. 

The second term in (9), the antisymmetrical spin-spin interaction term, can 
also produce a zero field sphttmg. Because the antlsymmetrical part of the general 
binuclear spin-spin couphng term is the cross product of two spins16, the contri- 
bution of this term to the on-diagonal elements of the energy matrix is zero. Thus, 
the antisymmetrical term ~111 add no first order contrrbutron to the Hamdtoman. 

Coordm Chem Rev, 5 (1970) 209-244 
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A more complete discussion of antisymmetrical exchange mteractions follows m a 
later section; only the special case where d, and d, are equal to zero will be con- 
sidered here. Note that a - S1 x s2 connects IO, 0> and 1 1, 0>25. The presence of 
dz in the energy matrix accounts for an interactton between these levels which 
possesses an energy of approximately d'/J. Since 1 d 1 N 2/AJ, the term d’/Jequals 
(A/A)2J. 

The usual second order crystal field terms are required in the spin Hamtl- 
tonian if one or both of the hvo ions contams more than a single unpaired elec- 
tron, namely, if one of the ions is in a triplet or higher state. This interaction, 
whrch is also represented by a biiinear spm-spm couphng term, can also contribute 
to the observed zero field splitting for the exchange-coupled ions. SimiIar con- 
siderations apply to cases where there are triads or larger clusters”*‘2. 

/ Smce the antisymmetrica1 spin-spin interaction term may be either positive 
or negative, the contribution of this term may either increase or decrease the zero 
field splitting50-51. The measured zero field sphttmg will be a combmatton of al1 
of the previously mentioned effects. Also, the separation of the antisymmetrical 
exchange contribution from the other contributing terms may not be possible. It 
should be noted, however, that the antrsymmetncal part contributes to the zero 
field sphttmg only if the ions are not related by a center of symmetry. 

(lit) Supertransferred hype&e fields (STHF) 

In a recent series of papers, Owen, Taylor, Srmanek, Huang and 0rbach47*48 
have discussed a mechanism by which the hyperl3ne field at the nucleus of a para- 
magnetic metal ion is altered due to the presence of a neighbormg metal ion. An 
elementary description of this phenomenon can be discussed without recourse to 
excessive mathematical details. 

Consider a hnear chain of three ions: a paramagnetic metal ion tf. an 
intervening diamagnetic ligand L, and 2 diamagnetic metal ran M’. Through 
covalency and overlap mechanisms, the metal ion M transfers a portion of its 
unpatred spin density to L and thence to M’. If M’ IS replaced by another para- 
magnetic ran M, identical to the first, then the hyperfine field at the nucleus of 
each of the metal ions will be the origmal hyperfine field A plus the supertransferred 
hyperline field (STHF) A’, which is the original hyperline field at M’. 

This process is schematically illustrated in Fig. 7, where the length of the 
arrows represents the electronic spin density in the outer orbrtals of the atoms m 
question. For simphcity, the measured value of A 1s assumed to be due to the iso- 
tropic Fermi contact interactron and is proporttonal to the electronic spin density 
at the nucleus. 

Thus, the net electronic spin de?rty at the metal eons M in the lower portion 
of the figure is greater than that in the upper portion of the figure. If the electronic 
spin of each of the metal ions M is 3, then the measured value of the hyperfine 



EPR STUDIES OF EXCHANGE COUPLED METAL IONS 221 

Fig 7. A schematx representation of the ongm of the STHF. 

Fig 8 A schematlc representation of Cu(pno)&lZ 

field m the trrplet state of the drmerrc complex with a STHF IS *(A-l-A’) rather 
than &4. 

Although thus sample example serves to illustrate a mechanism for the ongin 
of the STHF, it is not complete since other mechamsms are possible whereby the 
supertransferred field occurs with a sign opposite to that of the origmal field4’. 
Similarly, orbital effects can mtluence the hyperfine field3740. 

The STHF has been observed in dimenc coordinatron complexes by Duerst 
and Kokoszka4’. The drmeric copper(H) complex dichloroblspyridme-N-oxide cop- 
per(H), [Cu(pno),ClJ has been doped with mckel(II), zmc(II) cadmium(H), lead(H) 
and barium(H) ions. A schematic representation of this molecule is shown m 
Frg. 8. In this complex, the hyperfine field measured at the copper nucleus for the 
Cd*-MI’ pairs, where M = Zn *’ Cd”, and Pb”, was rdentical. This result mdr- , 

cates little effect due to size, electronegatlvity, etc., of the dopant ion. For Cu”- 
Nir’ pairs, with the nickel ion in a paramagnetic state, a value of A/3 is antici- 
pated; A is the value obtained in the Cu “-Mu pairs. Experimentally, a value of 
about 15 oA lower than A/3 is observed. For Cu”-Ba” pairs, the hyperfine field is 
about 10% higher than A. These results have been rationalized in terms of the 
STHF mechanism and the availability of open orbitals on the dopant metal 
ion4’. Such data can provide considerable insight into the electronic dlstnbutron 
in drmeric species and concomrtantly may be useful in dtscussing their physical 
properties. It might be mentroned that no unambiguous STHF has been found in 
the drmenc alkanoate complexes”. 
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E - Jcostl+dsin0 

the minunum energy is 

6E 
- = 0 = -Jsinl.l+dcosfl 
68 

(13) 

or, tan 0 = d/J_ 
Since d is of the order of magnitude16 of (A/A)J, tan 0 x A/A. For first row 

transrtion metal ions, the spin-orbit coupling constant 1 is typically of the order 

of 100 cm-‘, and the central field sphtting of the ran d is of the order of 10,000 cm-r 

0 is thus approximately one degree. 

(v) Higher order exchange interactions 

Generally, the assumption of a simple cosme coupling between spms is 

sufficient to account for the empirical results. Harris and 0wen4’ were the first 

workers to report a case where this descnptron is inadequate and they proposed 

a modtfication m the simple theory to account for their experimental data. 

The coupled system of Mn” ions doped into MgO can be described by the 

spm states S = 1, 2, 3, 4 and 5; Harris and Owen4r observed resonance in me 

S = 1, 2, 3 and 4 levels. The sample coupling scheme predicts that the spacing 

between adjacent levels is given by 

AE = JS 

Since the energy level separations can be obtained by examining the intensity of 

the spectral hnes as a functron of temperature, it is possrble to obtain four values 

for the exchange integral J that should be identical m the absence of addrtional 

Interactions. However, the observed exchange integral values are not eqmvalent. 

Thus, a modrfied interval rule which correctly correlates the experimental 

data with the calculated values, based on an exchange Hamiltonian of the form 

was proposed. The ratro of the magmtudes of the two exchange parameters 

ilJ RS 0.05 IS consistent with Anderson’s’5 theory of superexchange. That the 

agreement of the calculated J and j values wrth the experimental results is quite 

satisfactory suggests that the contnbutron from higher order exchange terms must 

be very small. 

The study of the magnetic and thermal behavior of Cr(CH,C00)60C1 - 5H20 

is another example of a system in whrch the introduction of a higher order ex- 

change coupling term into the spin Hamiltonian may be used to represent the 

data54*5g . In thrs substance, the three chromium atoms are located at the corners 

of an equdateral triangle and the total exchange Hamiltonian should reflect this 
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42 symmetry. Uryfi and Friedberg have accounted for the low temperature spectfic 
heat and suscepttbrhty behavior of this material mcludmg the brquadratrc term 

(14) 

in the spin Hamtltonian. 
Ikeda, Kimura and Urytiti have found evidence for magnettc susceptibility 

blquadratlc exchange in bmuclear chromium complexes, and Kobayashr, Tsujr- 
kawa and Kimura43 have obtained susceptrbihty data from a quadrinuclear com- 
plex of chromium which require the inclusion of a srmrlar term m the spur Hamil- 
tonian in order to account for the empincal results. 

C EMPIRICAL REPORTS 

(i) Drrect spectroscopw determnations of J 

Direct observatton of transtttons between the various multiplets m exchange 
coupled pairs of tons IS of considerable Interest, such transitions would be of the 
order of magnitude of J and, therefore, would be observed in the infrared region 
for some systems 

In a system of two S = + ions whtch are exchange coupled, these transtttons 
would not be expected, since one energy level is symmetrical (S = 0) and the 
other levels are antisymmetrical (S = 1). Smglet-triplet transitions are usually 
forbidden_ However, three recent studies on dlamagnetlc complexes containmg 

a high concentration of paramagnetic ions do, indeed, report a direct observation 

of the J value in the far Infrared regton. 
In 1967, Moser, Zmgg, Steffen and Kneubuhls5 reported a number of 

transttrons m Cr3+, V3+, and Ti3+-doped A1203. In a comprehenstve paper, 
Baltes, Moser and Kneubuhl 56 discuss the symmetry properties of exchange 
coupled pairs and the relationship between these symmetry properties and the 
seIection ruIes for pair spectra in ruby. For pairs of high symmetry (D3h or D2,,) 
the selection rules are dS = 0, _C2; thus, only a few lines are predicted for these 
paus. However, for pairs with low symmetry (C, or C,), there are no restnctions 
on LIS, so a larger number of transittons are predtcted and all have been observed”. 

Platt and Martm5* have studied pans and triads of Ir4* ions m (NH4) 

(Ir, Pt)Cl+ The magnetic parameters had previously been determined by Griffiths, 
Owen, Park and Partridge m an earlter studyg. Platt and Martm’s value for J 
of 5.34 + 0.08 cm- ‘, determined by a direct spectroscoptc method, is considerably 
more accurate than a value for J of 5 2 + 0.8 cm-‘, determined from the EPR 
measurements. However, the parameters D and E, determined by EPR, are the 
preferred values. The samples were sufficiently concentrated so that the ratio of 
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triads to isolated pairs 1s one to seven, assuming a random drstrlbution of doped 
ions. The rsotropic Hamdtoman 

2 = J(s, - s, +s, - s, +crS, - s,) 

describes the open triad structure for a much smaller than unity; the closed 
configuration 1s an equrlateral triangle for o! = 1. Each of these two types of treads 
has an energy level at 3/2 J. Wrth J = 5.34 cm- ‘, transitions in triads might be 
expected at about 8 cm- ’ ; a band centered in this region was indeed observed 
and tentatively assrgned to the triads. Harris and Owen” have also studied 
triads of Ir4+ m K,(Ir, Pt)CI, and m NH,&-, Pt)CI, by electron paramagnetic 
resonance. 

Belorsky, Ng, and Philhps6’ observed the far infrared spectrum of Co2+ ran 
pairs m MgF,, and measured the magnetic field dependence of these lines. The 
rsotroprc component of the exchange sphttmg was found to be about 9.8 cm-‘, 
while the anisotroprc contnbution was almost 0 2 cm- ‘. In addition, transrtions 
attributed to clusters of exchange coupled tnads were also observed. 

(il) Small J values 

When the level of doping of a paramagnetic ion into a diamagnetic host 
lattice is sufficiently high, satellite hnes may be observed about a prrmary mono- 
merrc resonance signal One recent study of the EPR spectra of weakly coupled 
transition metal ions has appeared m whrch several satelhte lmes are observed. 

Meredrth and Gill46 have studied the EPR spectra of nearest-neighbor 
exchange coupled Cu2 f- ions doped mto a potassium zmc sulfate lattrce; the 
copper@) to zinc(H) ratio 1s m the range 0 01 : 0 05. The term 

which 1s not invariant with respect to exchange of S, and S,, describes the couphng 
between the singlet and triplet states. The posmon of the satellite resonance lines 
depends on J, and may be used to evaluate J at a single temperature35 

The Hamiltonian which describes the CU~~-CU’+ pair spectrum 1s 

2 = E1S1=+E2S2,+(J+D)Sl,S2z+~(J-~D) (S,+S,_ +S,_S,,) (15) 

El and E, are the energies of two single ion transitions, the spectrum consists of 
“strong” and two “weak” transmons in the pair spectrum at energres 

tW,+E,) zk HJ+W---cr(J-WI 

In this equation, a IS equal to +: [l-l- {(Er -E,)/(J-+D)}“]*. The addition or 
subtraction of the square root term corresponds to the strong or weak transitions 
respectively. Meredith and Gill found that the exchange interaction 1s ferro- 
magnetic with a magnitude of 0.034 cm-‘, a value which is somewhat smaller 
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than 0.045 cm-‘, observed in a temperature study of the EPR line mtensrty6’ 
and also by a specific heat study6’. 

(iii) Recent EPR studies 

Consideration of the symmetry properties of coordination complexes has 
been extremely helpful in understanding their physical behavior. Baltes, Moser 
and K.neubdhls6 also discuss the point groups for exchange coupled pairs of metal 
ions. Whrle the discussron in this paper focuses primarrly on Identical exchange 
coupled ions artifically doped into diamagnetic host lattrces, the treatment apphes 
equally as well to many of the naturally occurring complexes, particularly since 
many of these complexes contain identtcal ions. An analysis such as thus based 
on symmetry relations IS especmliy srgnificant in that it indicates a minimnm 
number of parameters whrch must be specdied. Baltes, Moser and Kneubdhls6 
discuss the theory of exchange coupled pans grouped mto two major divisrons: 
(1) metal ions interchanged by the symmetry operations and (2) those which are 
not. The antisymmetncal exchange interaction is also discussed and for identrcal 
spins the antisymmetrical component of the spin-spin interaction is demonstrated 
to be zero through the use of two coordmate systems, each wrth its origin located 
at the position of one of the metal ions. 

Lohr45 has drscussed the static and dynamic aspects of the Jahn-Teller 
effect in binuclear copper (JI) complexes, in which the copper atoms are six-fold 
coordmated and share one or more hgands. Electron paramagnetic resonance 
data obtamed by Borcherts, Kanzaki and Abt? on the binuclear species formu- 
lated as CuZClil ‘- forms the basis for Lohr’s discussion. This complex IS formed 
by the replacement of two Na’ ions by two Cu” ions along the (100) direction 
m NaCl. A detarled analysrs IS presented for thirteen types of structures consisting 
of joining, elongated and/or compressed octahedra, which may be formed when 
a pan of CuCle4- units share a vertex. The g values for all thirteen types of pans 
are approximated by averaging the g values of each of the two monomers with 
proper regard to the relative position of the axis of elongatron. 

The electron paramagnetic resonance of Cr3+ ions in ruby has received 
considerable attentron over the years and the recent work of Shelekhm, Votmov 
and Berkovskir63 is another valuable addition to the literature. These workers 
have identified spectral lmes which may be attnbuted to exchange coupled pairs 
of metal ions. A zero field sphtting parameter of about 0.09 cm-r was measured 
and J was estrmated to be about 350 cm- ‘. Only rough estimates of the line 
intensrties were possible because overlapping lines precluded accurate intensrty 
measurements. The role of relaxation processes in intensity determinations is also 
discussed. 

Imbush and Graifman 64 have observed electron paramagnetic resonance 
in the excited optrcal state of exchange coupled chromium pairs m ruby. In then 
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optical detectton technique, the fluorescence of the species in question was 
monitored while the microwave power changed the electronic population in the 
excited state. The authors found evidence that when an ion of the pair is excited, 
it is coupled anttferromagnetically to the fourth nearest neighbor, while both ions 
are ferromagnetically coupled m the ground state. 

Saunders, Standley and Wilson 65 have observed no significant dfierences 
in the zero field splittmg, linewidths, or intensrties of the Cr-Cr pair lines in the 
spectra of vapor-phase, Verneuil or fluxed-melt ruby samples. 

The EPR of chromia alumina rruxtures calcined between 500 and 1400 “C 
were studied by Poole and Itze166 in the temperature range 125 to 550 “K. Though 
ruby sarrples, which have a low chrommm content, are paramagnetic, bulk 
chromta is antiferromagnetic. With larger concentrattons of Cr,O, m the sample 
(~50 mole %) these workers found that the Neel point of the 1400 “C series IS 
fairly sharp, mdtcatmg that all of the Cr3 + spms are essentially coupled together. 
Indeed, the authors suggest that the Cr3+-0-Cr3+ species are superexchanged 
coupled throughout the sample. As the chromium content decreases, the sharpness 
of TN decreases, which are attributed to the replacement of Cr3+ ions by A13+ 
tons, which perturb the uniformity of the magnetic couphog Below a certain 
critical concentratton of chromium, the Cr3+ spms form clusters of Cr3’ ions 
strongly coupled to each other and weakly coupled to the other clusters. 

Parrot and Roget6’ have attempt ed to assess the influence of an electric 
field on the EPR spectra of pairs of Cr3+ ions in ruby and have devised a method 
which permits the characterization of the observed transtttons and facihtates their 
identtfication. The majority of the peaks observed when the crystal is subjected 
to a strong electric field may be associated with the 4th, 6th and 7th nearest 
neighbors pans, assuming that J>> D; no resonance signal is found due to lst, 
2nd or 3rd nearest neighbor pairs. 

A precise determination of the hyperfine structure of synthetic ruby crystals 
with a chromtum content less than one percent was carried out by Gunser, Hille 
and Knappwost 68 The majority of the approxunately fifty transitions observed . 

in the tield strength interval between 6 and 10 kOe were accounted for by mvolking 
the assumption of exchange coupled chromium pairs. Lack of transitions ascribed 
to nearest and next-nearest neighbor pairs validates the assumption of a coupling 
of chromium ions through an indirect superexchange mechanism by way of 
bridgmg oxygens. 

Ben& and White69 have studted the EPR spectrum of chromium doped mto 
single crystals of BiL, in concentrations ranging from 0.25 % to 20 %. Cr2+ single 
ion, Cr3* ions and Cr3+-Cr’+ pairs transittons were observed. The ionic inter- 
action of Cr3+ pairs is believed to be intraplanar. 

More recently, Trapp, Snuth and Shyr” have reported the EPR spectrum 
of pairs of Mn2+, Co’+ and Ni2+ m CdC12. The mtralayer interactions were 
found to be of the order of 10 cm- ’ and ferromagnetic, whereas the interlayer 
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interaction is of the order of 1 cm-’ and is antiferromagnetlc. The crystal struct- 
ure consists of triangular net layers of catlons separated by two tnangular net 
layers of amens. 

Ryabchenko” examined the paramagnetlc resonance of Cuzt ions m 
CdC12 and concluded that the exchange interaction which occurs between the 
nearest CL?+ neighbors IS isotropic. 

Zanpov, Kropotov, Livanovna, and Stepanov ” have identified transltlons 
in the spectrum of titanium-doped CaF, which may be described by a spm 
Hamdtonian wlthg values of 1.909 and 1.975 for g,, and gA respectively. The observ- 
ed transltions represent exchange coupled pairs of TIN+ ions whose ground state IS 
characterized by the maxlmum mult~phcity S = 2. 

In a series of papers, Kask and co-workers” - ” have investigated the 
nature of the interaction of Nd3’ ions doped mto CaF2 and SrF2. In the Nd3+- 
doped CaF, system, the non-dipole nature of the interaction may involve magnetic 
and exchange Interactions of multipoles of higher order than a dipole. An ad- 
dltional contribution to the mteractlon energy of coupled Nd3+ Ions, which 1s 
dependent on the magnitude of the external field, IS a phonon exchange mechan- 
1sm74_ Kask and Kornienko’s’* analysis of Nd3+-doped SrF, Included an 
angular dependence study and a comparison of their results with the slmdar 
spectral results obtained from the CaF2 lattice. The orthorhombic spectra of the 
Nd3’-doped SrF, crystal consisted of twelve absorption lines corresponding to 
SIX different orientations of an Nd3+-Nd3+ pair; the doubhng of the number of 
lines is due to the spin-spm mteractlon between the ions in a pair. That the 
non-dipole interaction of the two crystals CaF, and SrF, differs not only m 
magnitude but also in nature, is indicated by the change in the sign of the magnetic 
parameters 75. The predomma nt interaction between Nd3+ ions m CaF, IS almost 
non-existent in SrF, because of the Increase in the distance between the ion pairs 

Reid, Perkms and Sienko76 have exammed the magnetic, susceptlbllity, 
X-ray, EPR, optical absorption and Mdssbauer spectra of the lsomorphous 
series NaSc,_,FexTi04 as a function of progressive replacence of Fe3+ for Sc3+. 
When the Fe3’ concentration IS low, a strong band at 28,600 cm-l IS observed 
m the optlcal reflectance spectrum As the concentration Increases, this band 
becomes weaker and a new band at 24,000 cm’ is observed. With mcreasmg con- 
centratlon the sharp EPR lme at g = 4.27 IS replaced by a broad lme at g = 2.00. 
The data are interpreted in terms of Isolated Fe3+ eons at low concentrations 
and super-exchange coupled oxygen bridged FeJf pairs m dlstorted octahedral 
sites at higher concentrations. Mulay and Hofmann” studied the EPR spectra 
of a number of Fe3+ 1: IO-phenanthroline complexes prepared with various Iron 
salts, many of which are binuclear. 

The studies of Tapscott and Belford ‘* demonstrate quite effectively the use 
of electron paramagnetic resonance in coordination chemistry. Two anionic acid 
complexes of V02 + in aqueous solution were examined, one active and the other 
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racemic. The two complexes are dimeric and the racemic complex exhibits a 
hyperfine splitting due to two equivalent vanadium nuclei. The relative mtenstties 
of the fifteen lures of the spectrum, follow the 1:2:3:4:5:6:7:8:7:6:5:4:3:2:1 
pattern and the splitting is about one-half that found in monomeric vanadwm 
complexes. The exchange coupling is believed to be less than 50 cm-‘. The 
authors propose structures for the two complexes and a comparison of the 
magnetic and optrcal behavror of these two substances IS presented. Dunhill and 
Smith”, who analyzed the EPR spectra of vanadyl citrate and tartrate chelates, 
have expressed some doubt concerning the detailed analysis of Tapscott and 
Belford”. While tt seems clear that under certain conditions dtmers do form, the 
hyperfine patterns are somwhat more comphcated than a simple analysis based 
on a dtmenc model would indrcate. Dunhrll and Symons” covenng this work 
somewhat further here found additional relatively weak lines in the EPR spectrum 
which are consistent with the dtmeric model. These studtes were carrred out at 
low pH. On the other hand, Belford, Chasteen, So and Tapscott” have investigated 
the EPR of a number of vanadyl-hydroxycarboxylate complexes in neutral hquid 
as well as m frozen solutions. In additron a smgle crystal study of vanadyl d,Z- 
tartrate was completed. The data for the latter sample are: g,, = 1.953, gL = 

1.982, A,, = 72.3 x 10m4 cm-‘, Al = 21.3 x 10s4 cm-’ and D = 338 x 10d4 
cm-‘. Virtually identical data were obtamed from the frozen solutions Further 
the half field “forbidden” transtttons were also observed. A simple dip&r inter- 
action satisfactorally accounts for the zero-field sphttmgsl. 

Dall’Oho, Dascola and Varacca St have exammed the EPR spectra of a 
number of polycrystallme chloro-substttuted copper acetate complexes In the 
anhydrous tri- and drchloro-substituted complex, only isolated ions appear to be 
present, while the hydrated copper acetate and monochloroacetate complexes 
exhibit characteristics typical of both types of spectra. It seems bkely that m 
such complexes there extsts a mixture of both S = f and S = 1 species with 
nearly the same chemical composltton. 

A detarled analysrs of X-band spectra of S = 1 species in polycrystalhne 
complexes has been presented by Wasson, Shry and Trapp”; these investigators 
studred the copper@) cyanoacetate and copper(B) acetate monohydrate com- 
plexes and derived their correspondmg magnettc parameters. A general method 
for obtammg the magnetic parameters of dtmerlc copper compounds from EPR 
powder spectra is presented. Since the magnitude of the zero field sphttings 1s 
somewhat larger than the microwave energy, all of the spectral components were 
not observed. In addition, some doubt exists as to the viablhty of assigning the 
low field component as the z component. In single crystal studies at X-band 
frequencres the mtensrty of the observed low field z component IS not comparable 
to the high field peak. Additional studres must be undertaken on polycrystallme 
complexes before thus problem is resolved. 

A more complete analysis of the spectra of S = 1 ions in polycrystalline 
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complexes has been presented by Kokoszka, Lmzer and Gordons4, who analyzed 
the spectrum of copper propronate monohydrate at X-band and K-band fre- 
quencies. In these studies all of the spectral components were observed and the 
magnetrc parameters were overdetermined. 

Goodgame and Price*’ first reported the EPR spectrum of a copper(H) 
adenine complex; in this case the zero field sphtting was sufficiently small so that 
the entne spectrum could be observed at X-band frequencies. However, because 
of signal-to-norse problems, the z components were not observed. Duerst, Baum 
and Kokoszka3’ have resolved all of the spectral components for the same 
complex as well as that for the copper adenine perchlorate complex. An example 
of the hyperfine pattern is shown m Fig. 6: some of the hyperfine components 
of the parallel spectrum that are shown overlap with the perpendrcular spectrum 

Lewis, Mabbs, Royston and Smads6 have studied the magnetic propertres 
of several copper carboxylate complexes by magnetrc susceptrbrhty and EPR 
methods. The g values were determmed from the EPR data wile the J values 
were derived from the suscepttbrhty studies. Several interesting observattons 
concerning substrtuent effects are drscussed. The observed low field absorptron 
IS assigned as a parallel peak; an assignment which is open to some questron for 
reasons outhned above. In many cases, complexes which were apparently analytic- 
ally pure produced EPR spectra whrch contamed evidence of monomenc im- 
purities. The stereochemrstry of these monomers could not be inferred from the 
EPR data but their magnetic parameters differed from the dimenc complexes. 
Hyde and coworkers 87 have noted simtlar effects. 

An electron paramagnetic resonance investrgation of polycrystallme 
copper(H) benzoate was undertaken by Herring, Thompson and Schwertfeger” 
at 9.1 and 12.0 GHz, yrelding a W value of 333 cm-‘. Most of the magnetrc 
parameters determmed for the benzoate are similar to those obtamed for the 
copper acetate homologue; however, the E value IS twrce as large as that for the 
acetate, which suggests that the benzoate exhtbits a greater devratron from tetra- 
gonal symmetry. 

Yablokov et aZ_” have studied copper@) benzoate complexes of the type 
(XC6H4C02)&r and (XC,H,CO,),CuY by electron spin resonance, where X 
may be p-Br, m-NO1, o-NO2 or m-1 and Y may be pyridine, quinoline, benzoic 
acid or t-butylalcohol. Variations in the magnetic parameters were attnbuted to 
differences in the charge distnbution on the copper atom. 

Yablokov et aLgo have also studied the polycrystalline ESR spectra of 
copper succinate and copper orthophthalate and surmised that these systems 
consist of exchange coupled pan-s of copper atoms. However, copper maleate and 
copper terephthalate exhrbit no exchange coupling. The authors suggest that in 
these carboxylic acid copper complexes, in which the carboxyl groups are located 
in a conjugated bond system, the absence of dimers is probably not accidental. 

Goodgame et aZ.'l determined the g values for (Me,N),[Cu(RCO,),- 
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(NCS)], (R = H or Me) by ESR and the J values by magnetic susceptibility. 
The conclusions formed from this study as well as structural investigations of 
these systems, which furnish evidence that these complexes are analogous to 
copper(II) acetate duners, suggest that the direct metal-metal bond plays an 
insignificant role m their antiferromagnetism. 

Suntsov and co-workers’= prepared a series of copper salicylate adducts 

and examined their EPR spectrum, whrch was observed to be typical for compounds 
in which the copper ions combme m pans by the exchange reactions. These investl- 
gators reported g and D values but no J values. 

Recently, Matsuura and Kawamori g3 have studied the temperature varration 
of the EPR lmewidth of copper acetate monohydrate between the temperatures 
55 and 355 “K. The agreement between the experimental values and the calculated 
values, assuming that only the dipole interaction between the molecules is impor- 
tant, is satisfactory only at low temperatures with the magnetic field parallel to 
the x-axis of the system. These authors suggest that the discrepancy may be 
explamed by an intermolecular exchange interaction. More detailed calculations 
concerning the temperature variation of lmewidth will be published later’ 6 ‘. 

Bose, Bagcbi and Sen-Gupta g4 have suggested a refinement m the mter- 
pretation of the bonding in copper acetate monohydrate. They assume C,, 
symmetry for the electronic state of each half of the complex rather than C,, 
and an overall symmetry of D2,, for the dimerrc complex. Jotham and Kettle” 
have re-examined the metal-metal interaction m copper acetate and suggest that 
the spin couplmg between copper atoms is ferromagnetic, although the overall 
energy level diagram is that of an antiferromagnetic system. In this interesting 
approach, the authors suggest that the basis set should include the configuration 
whrch represents two electrons, both located on a single copper ion, and calcu- 
late the energy level diagram, which consists of three singlets and a triplet state. 

In an important senes of papers, T. D. Smith and his co-workers at Monash 
University g6-101 have Included the direct dipole-dipole terms in the spin Hamil- 
to&n and hence calculated distances between copper ion by computer srmula- 
tion of the EPR lme shape. In their study of a variety of copper@) peptide 
complexes for example, the metal-metal distances are consrstent with X-ray 
res&sg7. In addmon the metal-metal distance was estimated in copper 
protoporphyrin IX and several amino acids” as well as copper@) in haemo- 
cyamn and copper@) in diethyldithiocarbonates’0’. 

Moores and Belford’ O2 studied the EPR spectrum of the planar chelate 
bis(N-methylsalicylaldiminato) copper@) in the isomorphous nickel0 lattice; 
when the dopmg level was almost 5 % satelhte lines were observed which correspond- 
ed to exchange coupled pairs. D was found to be 0.046 cm-‘. Since the dipolar 
interaction is expected to be 0.014 cm-‘, it is hkely that other terms are involved 
m the a&tropic spin-spin interaction. The J value was estimated to be about 
40 cm-‘. 
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For many copper-containing enzymes and proteins, an EPR signal is either not 
observed or is somewhat less intense than that predicted on the basis of the 
concentration of the metal ions103*104_ It appears that exchange mteractlons can 
be important in many of these cases. The proceedings of the Second International 
Conference on Magnetic Resonance in Biological Systems’05 contain many 
excellent papers dlscussing the role of monomeric and dimeric metal Jon complexes 
of biological slgmficance. A very good volume on the biochemistry of copper 
edited by Peisach, Blumberg and Alsen IS also avadable106. 

Blumberg and Peisach’ ” studied the EPR spectrum of a pair of Interacting 
copper ions m copper uroporphyrm(III) and reported the conditions necessary 
for dlmer formatlon. They have also studied the EPR and optical propertles of 
several complexes of copper(B), m which the hgands are two mtrogen and two 
mtrogen and two sulfur atoms ’ ’ 8 . Evidence for dlmerization formatron promoted 
by protonatlon IS observed Then interpretation of the temperature dependence 
of the EPR spectrum of the red crystalline complex of copper bis(dJcarbonyl)- 
bis(thlosemmarbazone) established the existence of a triplet state approximately 
23 “K above the singlet ground state. 

Slgwart, Hemmerich and Spence’ Og investigated a binuclear mixed-valence 
copper acetate complex as a model for copper-copper interactions m enzymes. 
This study IS the first reported spectrum of a rmxed valence Cu’-Cu” complex 
showing electron delocahzation. The results suggest, as a possible structure, a 
binuclear complex with oxygen bridges, slmllar to the structure proposed by 
ffemmerrch et al-l lo for the GUS&U complex. 

Heitner-Wugum and Selbin ‘I1 find evidence for exchange couplmg m a 
new mixed valency complex of vanadium dissolved in acetonitrile. This is an 
Important area of study because many dlmenc coordination complexes are found 
to exist in solution but have not been isolated m the solid state. 

Kawamori and Mlyagawa 11’ have examined the EPR spectrum of X- 
Irradiated single crystals of copper acetate monohydrate. Though relatively 
similar to the studies on zmc doped copper acetate, a number of dflerences were 

noted in the magnetic parameters_ This suggests that an electronic rearrangement 
was caused by irradiatron. Ewald and S~nn 113 have investigated the effects of lugh 
pressure (l-3000 atm) on the magnetic properties of the bmuclear carboxylate 
complexes of copper(B). They indicate that their results are consistent with a 

weak metal-metal mteractlon. 
EPR measurements of Gd3+ paus m the host lattices LaCl, and EuCl, 

as reported by Blrgenau, Hutchmgs and Wolf 1J4-J ’ 7 have been interpreted as 
an mdlcation of Isotropic exchange between both nearest neighbor and next- 
nearest neighbor pairs_ Since the exchange mteractlons m the case of Gd3+ doped 
into LaC13 were relatively small and roughly comparable 111 magmtude to the 
dipolar interactions, the exchange constants were determmed precisely from the 
pair hne positions alone, though all the lines were not unambigously assigned m 



EPR STUDIES OF EXCHANGE COUPLED METAL IONS 233 

their earliest studies”4- ’ 1 6. Th e most recent refinements in the data’ r ’ include 
more accurate J, and Jnn values and separatron dependences of -r13 and -r2’, 
respectively, whrch are appreciably more rapid than the recently proposed tenth- 
power law for superexchange”*. Interactron constants measured for Gd3+ pairs 
m EuCi,, which has a lattice spacing simiIar to that of LaC13, have been utihzed 
by the same authors to make quantitattve predictions of the magnetic bulk 
propertres of GdCl, ” 6. 

Results of EPR data for Ce3+ in LaCl, and susceptrbility and specific heat 
measurements on smgle crystals of CeCl, were combined by Landau, Birgeneau, 
Hutchmgs, Rogers and Wolf” ‘- lzo to obtam estrmates for the erght parameters 
whrch charactenze the nearest and next-nearest neighbor Ce3+ interactions. Most 
of the mteractrons were accounted for by magnetic dipoledrpole and second 
order electrrc quadrupole-quadrupole-couplmg, but evidence for anisotropic 
exchange and htgher order couphng electrrc multipole interaction was also observ- 
ed. 

From the EPR spectra of paus of Ce3+ and Nd3+ Ions in LaC13 and LaBr,, 
Baker, Birgeneau, Hutchmgs and Rtley r2’ have determined the contrtbutrons due 
to the high-degree anisotropic superexchange interactions of the form J+ 5 (I) 
J- 5 (2) and J=’ (1) JI 5 (2). 

Culvahouse et al.lz2 measured and drscussed the hyperfine structure of pairs 
of Pr3 t in the LaZ(C2H5S0& 9H20 and LaC13 and Co2+ pairs m La,Mg,(NO,) 
- 24H20 and interpreted the results in terms of a spur Hamrltoman which Included 
the spin-spin interaction terms of the form K, s, - 3, + K_S’, - F,. 

Kachalov and Kreines’23 have studred the temperature dependence of the 
magnetic susceptlbllity and the paramagnetic resonance of monochmc Na2Mn2- 
SiZO,. The susceptlbihty behavior is in qualitative agreement with the Bleaney- 
Bowers expression. 

Ordering within groups may be responsible for the anomalous anisotropic 
temperature dependence of the EPR linewidth. No temperature dependence of 
the EPR lute posltion was found over the entue temperature range 27 to 300 “K. 

The EPR spectra of solid samples of two monomeric lmtdlphosphenato- 
copper(H) chelates reported by Keller and Schmidpeterlz4 show the resolved 
copper hyperfine structure that 1s otherwIse found only for magnetically drlute 
copper complexes. Their J value for the exchange interaction of Cu” ions m 
CulN(ph,PO),],, defined by the reIatlon 

H = -2.J c (S,S,) 
I<J 

was given as I - IOm3 -K J < 5 * 10v3 cm-‘. 

That this value is quote small compared to the dipoledipole interaction 
substantiates the calculated large distance of - 10 A between the paramagnetrc 
centers m the lattice. 
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In their EPR and magnetic suscepubihty study of five polycrystalhne copper 
compounds of d-tartar&z acid, Ablov, Popovich and Suntsoviz5 found evidence 
for exchange interaction between copper ions in a complex precipitated at a pH 
of seven. 

Free oxy radicals of 2,2,6,6-tetramethylpyridme-N-oxide and its 4-hydroxy 
derivative were studied by Karimo~‘~~ in the temperature range 0 1 to 100 “K. 
The results show that organic paramagnetic substances can be used m the study 
of magnetic behavior in hnear structures. 

Zvyagin, Moiseev and Pshisukha lz7 have reported the concentration and 
temperature dependence of the EPR spectrum of an Mn2+ impurity in zinc 
tungstate. They observed that as the MnZf concentration is increased, the hne 
first broadens due to an anistropic drpole-dipole interaction and then with a 
further increase in concentration, the linewidth decreases due to exchange. More 
recently, the same authorsi2’ extended the measurements to the 1.5 “K to 300 “K 
range and have observed that a reduction of the temperature results m line 
broadening. The results are qualitatively explained by an exchange interaction 
between the d electron of Mn2 f ions. 

Fused mixtures of MnC12 and alkali chlorides have been studied by Ow- 
ston’2g using both the ESR and magnetic susceptrbthty techniques. Two types 
of spectra were observed, that due to MnCl, and that due to the species XMnCl,, 
where X is the alkali ion. Evidence for antiferromagnetic coupling in KMnCI, 
and RbMnCIs was found. 

Eisenberger and Pershan13’ ascribed a portion of the ESR spectrum of a 
semiconductmg CdF, single crystal doped with Gd3+ to an exchange mteractton 
between a “conduction” electron and the electron of the paramagnetic trivalent 
rare-earth ion. Such a “conduction” electron is attracted to the rare-earth ion 
and held near it, but not so near, so that a dlvalent rare-earth ion is not formed. 
They postulated that although all of these electrons are trapped, m the sense that 
these electrons could not contribute to the d.c.-conductivity, some of them could 
move over sufficiently large distances to interact with more than one rare-earth 
ion. Since the concentrations of the rare-earth ions IS low, the Ions could not be 
randomly distnbuted throughout the crystal, but must tend to form local regtons 
of higher than average concentratxon in order to facthtate an interaction with 
more than one rare-earth ion. 

A recent internatronal conference on semi-conductmg compounds presented 
reports of ESR data evidencing the existence of Mn2+-Mn2’ pairs in ZnS131 

and Cu+-Fe3+ ion pairs in ZnSe’32. 

(iv) One dimensional antiferromagnetism 

The magnetic properties of coordination compounds in which the mdividual 
structural units form linear chains IS a topic of increasing interest’33-‘3g. In 
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dichloro (1,2,4_triazole) copper@), for example, each copper atom has four 

chlorine and two mtrogen atoms as nearest neighbors. The electronic spins of 
the copper(H) ions can interact by way of the bridging chlorine atoms, an arrange- 

ment whrch forms infimte linear chains. Interchain copper(H) interactions may 
also occur through the 1,2,4-triazole group. This complex as well as copper(H) 
benzoate trihydrate has been investigated by Inoue, Emon and Kubo136 by 
magnetic susceptibility methods m the temperature range 4.2 to 300 “K. 
They conclude that the superexchange interaction is predominant rather than the 
mteraction of a direct nature and that although novel magnetic moments have 
been observed for these compounds at room temperature, the spins are not free 
from one another, and antiferromagnetic interaction occurs between neighboring 
spins in a chain. The susceptibility behavior of the former complex may be 
associated with either magnetically isolated ions, end effects, or the odd or even 
number effect of spins in a chain140-141. 

The two most common mathematical expressions used to describe the 
panwrse interactron of the electromc spms of the metal ions in a linear cham 
complex are (1) the Ising model, JSlr - Szz, and (2) the isotroprc Hersenberg 
model, J& - St. In keeping with the convention adopted in this review, a positive 
J value corresponds to an antiferromagnetic mteractron. While both of these 
models are useful, the more general form of the spin Hamdtonian 

A%? = J 2 [Si,S(i+l),+cr(Si,S(i+l),+Sz,S(i+l),)] (16) 
s=l 

IS preferred. For cc = 0, this equation reduces to the Ismg form, while for a = 1, 
the Heisenberg form is obtained. 

Bonner and Fisher’42 have discussed the magnetic and thermal behavior 
of one-dimensional ferro- and antiferro-magnetic materials in considerable detail 
m terms of this more general intermediate equation. The authors suggest that for 
all cc < 1, namely for amsotropic coupling, the ground state splittmg LIE decreases 
more rapidly than l/N, so that in the limit as N approaches mfimty the limiting 
ground state may be said to be (two-fold) degenerate. In the isotropic limit, 
however, AE decreases only as 1/N and the antrferromagnetrc ground state should 
be regarded as non-degenerate. For an Ising chain, the first excited states lie 
at an energy AE = (J) above the ground states, but at the Heisenberg limit the 
ground state IS the limit of a continuum and there is no anistropy gap. 

Among the materials which exhibit linear chain antiferromagnetism are 
anhydrous CuCl, and CuBr,. Barraclough and Ng143 presented a quantitative 
theory to account for the magnetic behavior of these two compounds, which is 
m good agreement with the experimental data. A number of copper(H) methoxides 
were investigated by Adams, Barraclough, Martm and WmterlU who fit the data 
with the equations derived by Fisher’45 and Katsura’46 from the Ising model. 
A similar treatment was employed by Dubicki, Harris, Kokot and Martin14’ for 
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copper(H) oxalate and by Hyde, Kokoszka and Gordonr3’ for a number of 
copper(H) chloride brdentate heterocychc amme addition complexes. 

In some cases it has been possrble to drfferentiate between the two extreme 
models. In then cntrcal revrew, Domb and Miedema14’ point out that studies 
of the thermal and magnetrc properties of copper(H) salts have provrded 
good examples of the Hersenberg model of spin 3. The experimental studres of 
Cu(NH3),S04 - HZ0 by Griffiths and of KCuF, by Kodata and co-workers14’, 
for example, are qmte unambrguous in demonstratmg that the Hersenberg model 
is preferable. 

Favorable representations of the Ising model have been obtamed from 
cobalt and rare earth salts at low temperaturesr4*. Inoue, Emorr and Kubor34 
have indrcated that the sharp rise m the magnetic susceptibihty at low temperatures 
is inconsistent wrth the Hersenberg model. They found that a calculatron of J/k 
and g, based upon the linear Ismg model, furnished values of - 19 0 and 2 13 “K 
respectively, which are good in agreement with the values evaluated from the data 
at lower temperatures, - 17.9 and 2.07 “K. 

In a recent interesting analysis of the thermal and magnetrc propertres of 
CsCuCI,, Rroux and Gerstem 150 demonstrated that the expenmental data are 
consistent wrth a lmear antrferromagnetic exchange Interaction above 10.4 “K. 
Below this temperature, three-drmensronal interactions are beheved to dormnate. 

R. N. Rogers and co-workers 152-154 have extended the work of Abe et 
al. 1 55 on linear ChdIn antiferromagnetrsm m the systems Cu(NH,),SO, - H,O, 
K2CuCI4 - 2H20, (NH4)3CuCI4 - 2H20 and Cu(NH3)4 - (NO,),, where J is very 
small. Partrcularly mterestmg are therr studres of the electron paramagnetrc 
resonance of these salts as a functron of mrcrowave frequency A distinct change 
m the hnewrdth bccurs m the regron where the exchange Integral J is of the same 
order of magnitude as the energy associated wrth the mrcrowave frequency. Thus 
type of study should be useful for J values below about 2 cm-‘. Sarto’ 55, who 
investigated the EPR of Cu(NH,)SO, H,O,has reported unusual hnewrdth effects 
when the temperature of a simple of Cu(NH3)S04 - Hz0 is below 2 “K. He also 
reports an anisotropy in T,, whrch is attrrbuted to a strong exchange Interaction 
along the -0-Cu-O- chain. 

(v) Relaxation rate studies 

Harris and Yngvesson ’ 5 6 have measured the spur-lattrce relaxation rates 
of isolated (IrCl,)2- complexes m (NH,),PtCI, and K,PtCI,, and have found 
evrdence for several factors which contribute to the reIaxatron rate, namely, a 
direct process, a Raman process, and a concentratton dependent process. The 
concentration dependence of the relaxatron rate was found to vary accordmg to 
the expression: 
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The concentration function f(c) is of the form cz for concentrations below 3 %. 
The experimental value for A is very close to the value found for nearest neighbor 
exchange mteracttons. However, Harris and Yngvesson’56 mdtcate that the 
dominant relaxatton mechanism occurs by way of cross relaxatton to exchange- 
coupled clusters of three or more complexes. They observed that exchange coupled 
pairs do not significantly contnbute to the relaxatton of single ions in materials 
studied. 

Harrts and Yngvesson ls7 have also measured the spur-lattrce relaxation 
rate for pairs and found that such rates are much too slow to explain the raptd 
relaxation of single ions. Furthermore, there are no energy intervals in the energy 
level diagram for the system which correspond exactly to the energy Interval for 
pairs or smgle 1011s. A relaxation mechamsm involving pairs would thus be 
expected to be slow and anisotropic; however, no anisotropy was observed. Several 
relaxatron mechanisms are constdered which mvolve triads and single ions. The 
authors suggest that the triad, consistmg of a nearest neighbor pair and a thud 
ion which IS a next nearest neighbor to one member of the patr, is one of the 
more likely types of triads which can be effective in relaxing single ions It is 

important to note that the high symmetry of the chloroindate ion does not allow 
an anttsymmetrtc interactton of the form a (s, x s,), which is probably important 
in ruby”‘. 

Tenglbad and Yngvesson 15’ have examined the spm relaxation m Cr3+ 
doped crystals of K,Co(CN),. These data furmsh further proof of the existence 
of relaxation processes involving triads. 

(VI) Related studres 

While the primary purpose of this review is to discuss the recent EPR studies 
of exchange coupled metal ions, a number of recently published related studies 
should also be Included. The magnetic susceptibility measurement techntque is 
perhaps the most common method employed in the study of cluster complexes. 
The investtgations of Kato, Martin, Jonassen, Lewis, Ftggis, Hatfield, Harris, Kubo, 
Sinu and Baker and their co-workers are especially important m this area of 
endeavor and have been discussed m the review hterature previously cited. In 
view of the unique features of a number of recent investigations, a brief comment 
on some of items seems appropriate here. 

Pfetfler’s cation [Cr,(en),(OH),] 6 + has been the subject of three recent 
papers 162--L6S. The magnetic properties of this complex at temperatures as low 
as 80 “K have been discussed in terms of both a trigonal arrangement of metal 
atoms14’ with a central Cr”’ atom162 as well as a tetrahedral cluster’“3 con- 
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sistent with magnetic measurements at a temperature of 4.2 “K as well as a crystal 
structure determination revealed that the four chromium ions form a planar 
rhomboid array held together by bridging hydroxo groups. Flood, Barraclough 
and Gray’ 65 are able to account for the observed susceptibility behavior of this 
complex over the entire temperature range studied. 

Jonassen, Muto, Kato and co-workers have had some success in correlating 
the magnetic properties of dimeric copper complexes with other physiochemical 
properties ’ 66 - ’ 6 g .In the duneric complexes of copper@) halides with substituted 
pyridine-N-oxides, relationship between the spectral frequencies and the effective 
value of the magnetic moment at 25 “C is observed. On the other hand, the 
substituted N-n-propano-salicylaldimmato copper(B) complex do not exhrbrt the 
paralIelism between these parameters, because the substrtuent on the benzene ring 
does not strongly affect the superexchange pathway which IS postulated to proceed 
through alcohol bridges163. 

Kubo and co-workers”’ have studred various N-]2-(2-hydroxyethylthio)- 
phenyl] arenesulfonamidatocopper(IQ chelates and addition compounds thereof 
with methanol and ethanol and have obtained evrdence for the formation of 
dlmeric aggregates in the bis-alcohoIs of these compounds as well as evidence for 
tnmeric species in the alcohoLfree copper@) complexes. Such complexes most 
probably possess equrvalent electron spms. 

Gruber, Harris and Sum “I have studied trimeric complexes of the type 
Cu-M-Cu where M may be copper(U), mckel(II), cobalt(B), iron@), or man- 
ganese(II); the metal ions are bridged by oxygen atoms. The complexes were 
prepared from tetradentate Schiff bases. Whrle interactions between the termmal 
copper atoms are exceedingly small, the antiferromagnetic interactions between 
the central metal atom M and the adjacent copper@, atoms are quite significant. 

Andrew, Ball and Blake’72 have investigated binuclear cobalt@I) and 
nickel@) complexes of dihydrazinophthalazine and dipyridylpyridizine in order 
to assess the magnitude of the exchange interactions between clusters of metal 
ions in an invariant magnettc environment. They find that the ratro of J values 
for the mckel and the cobalt complexes is about 2.8. The ratio would be 2 25 
if the efficiency of the exchange interactron process is the same for the two different 
metal ion clusters and if the only relevant variable is the number of unparred 
electrons. The observed ratio suggests that exchange is somewhat more efficient 
m the case of nickel; and the result is attributed to ferromagnetic effects due to 
the fz8 spin of the Co’* ions. 

Several binuclear oxygen-bridged complexes of iron(lIl) were investigated 
by Rei& Baker and En&son 173. The spin multiplicity of the ground state of the 
individual iron atoms is discussed. In many cases it is not possible to distinguish 
two interacting S = 3/Z ions from two S = 5/Z ions on the basis of susceptibrlity 
studies alone over the temperature range normally studied. This conclusion has 
also been reached by Bancroft, Maddock and Randl’ 74, who suggest that measure- 
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ment of the Mdssbauer chemical shift, the quadrupole sphtting and lrnewidths 
may provide a better method for the determination of valency. Duncan, Kareheer 
and Mok’75 have studied several trmuclear iron(IlI) complexes by both magnetic 
and Mijssbauer methods; their data suggest that the iron ions in such complexes 
are not equivalent_ 

In an earlier study, Mulay and Hofmann’ ’ 6 exammed the magnetic suscept- 
ibility and the electron paramagnetlc resonance of o-phenanthroline complexes 
of iron@I), formed from aqueous solutions of various ferric compounds. These 
authors point out that under conditions of rapid preciprtation, monomeric and 
duneric species are produced which yield non-reproducible suscepttbihty data. 
The EPR data were particularly important m revealing the source of this dis- 
crepancy. 

In an important series of theoretical papers, Wojciechowski’ ” investigated 
the magnetic susceptibrlity behavior of several general classes of dunenc species 
with similar and dissimilar exchange coupled ions and with negative and positive 
values of J. 

Hynes, Garrett and Moulton “* have analyzed the nuclear quadrupole 
resonance spectrum of KCuCl,, and have observed an unusually large temperature 
shift which could not be accounted for by the unmodified Bayer theory. The 
mcluslon of an excited state about 40 “K above the ground state provided an 
excellent fit of the data. The 40 “IS separatron is m reasonable agreement with 
the value obtained from magnetic suscephblbty data’ 7g_ 

Owen and Taylor lso have studied the metal-to-metal hyperfine mteractions 
by the ENDOR technique. The “Al hyperfine structure was observed in the 
structures Fe3 *-02--A13” and Cr3+-02--Al 3+. This interaction is closely related 
to the super-transferred hyperfine interaction discussed earlier, and thus paper 
discusses the origin of the mteracuon. 

Several examples are considered m detail. Of related chemical importance 
are the studies of several soluble organometallic catalysts by Angelescu, Nrcolau 
and Simon’81. The relatively large alummum hyperfine structures observed in these 
cases are an mdicatlon of the strength of metal-metal interaction which occurs 
m these catalysts. Tkac”’ has also studied the magnetic properties of several 
similar catalytic systems by electron paramagnetic resonance. 

Hennci-Olive and Ohve’ 83 have observed that galhum- and -71 hyperline 
structures m a dimeric cyclopentadienyl complex. The metal ions are joined by 
bndgmg groups, and, m this case; a large metal-to-metal hyperfine interaction 
is readily observed. They also report ESR results for “Al in Cp2TiC12AlC12 and 
’ 'B in Cp2TiCl,BClZ1 84. Marov et al.’ ’ 5 report the superhyperfine structure due 
to 31P nuclei in a Mov phosphate dlmer; one of the few observations of hyperfine 
interaction of a central ion in an inorganic complex with a nucleus not directly 
bonded to it. 

Exchange interactrons between unpaired electrons m biradicals is an area 
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of study which is closely related to that of electronic interactions in metal-metal 
pairs. Brauer et al. l8 6 report an ENJOR study of Tschitschlbablt’s hydrocarbon 
and discuss the scaIar spin-spin coupling between unpaired electrons in this 
compound. 

D. CONCLUSIONS 

The experimental evidence presently available suggests that exchange 
interactions proceed through bridging ligands rather than by means of a direct 
metal-metal bond. The number of studres which require the inclusion of the 
d - (S, x SJ and (S, - S2)’ terms m the spin Hamihoman IS small and thrs area 
requires intense study, preferably on srngle crystals Electron paramagnetic 
resonance, optical and magnetic susceptrbdity measurements will remain important 
techniques for the study of magnetic interactrons in materials contaimng groups 
of exchange coupled metal ions. 
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