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Exchange interactions in some low-dimensional metal dithiolene
complexes
P K U P P U S A M Y , B L RAMAKRISHNA and P T MANOHARAN*
Department of Chemistry, Indian Institute of Technology,Madras 600036, India
Abstract. Low-dimensionalsystemsare formed by planar metal dithiolenecomplexeswhich
stack as columnar structures in the solid state. Stronger interactionsamong units within a
chain leadsto highlyanisotropicmagneticproperties.The magneticeffectsare a manifestation
of exchangeinteraction,J and can be studied through detailedEPRtechniquesin conjunction
with magneticsusceptibilityand x-raycrystalstructure. A briefreviewof such studiescarried
out mostly in our laboratory is presented along with the relevant background materials.
Keywords. Metal dithiolenes; low-dimensional systems; exchange interactions; electron
paramagnetic resonance;magnetic susceptibility;x-ray crystal structure.

1.

Introduction

In the past few years, there has been considerable interest in the chemical and physical
properties of low-dimensional materials as is borne out by the numerous conferences
that have been held and monographs that have been written (Keller 1975, 1977;
Interrante 1974; Hatfield 1979; Miller 1982). Interest in low dimensional (LD) systems,
for a long time was focussed less on the physics peculiar to it than on the possibility that
their study would provide a better understanding of the various cooperative
phenomena in solids. However, LD systems are very interesting in their own right, as the
dimensionality of the systems proves to be very important for their critical behaviour
and also because these systems display phenomena which are not to be found in higher
dimensions (Steiner et al 1976).
The discovery of a number of LD metallic, magnetic and some superconducting
systems in the past decade has led to the blossoming of an entirely new interdisciplinary area covering organic, polymer and inorganic chemistry and solid state
physics. The fillip for the detailed investigation of the physics and chemistry of these
systems was initially provided by an interesting proposal by Little (1964) of the
possibility of room temperature superconductivity via the exciton electron mechanism.
Although the prediction of the above hypothesis is far from experimental realization it
has led to the discovery of a wide variety o f interesting phenomena in substances with
high anisotropy, such as LD metallic state, metal-insulator transition, spin-Peierls
transition, highly anisotropic magnetic properties, etc.
Both organic and inorganic examples of LD materials have been investigated. The
organic ones, usually based on tetrathiafulvalene, tetramethyl p-phenylenediamine,
N-methylphenazinium, 7,7,8,8-tetracyanoquinodimethane and their derivatives have
been extensively studied (Melby et al 1962; Shchegolev 1972; Soos and Klein 1975) and
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we shall not touch up on them in this paper. Low-dimensional systems are also formed
by planar transition metal complexes which stack as columnar structure in the solid
state (Miller and Epstein 1976). Though there are not as many examples as in the
organic systems, there have been many families of complexes discovered, e.g. based on
partially oxidised metalloporphyrins (Petersen et al 1977), metal dithiolene complexes
(Underhill and Ahmad 1981), mixed valent platinum cyanide salts (Krogmann and
Hausen 1968), etc. Apart from the interesting conducting properties, there are many LD
magnetic insulators whose study as magnetic model systems has led to a greater
understanding of the theory of cooperative phenomena in solids (De Jongh and
Miedema 1974; Hone and Richards 1974).
In this paper we shall exclusively deal with the compounds based on metal dithiolene
complexes, discussing some in greater detail and mentioning other examples just in
passing, the choice being prejudiced by the authors' research interests.
2.

Metal dithiolenes

Metal dithiolenes (figure 1) are a well-studied class of metal organic compounds
(McCleverty 1968) since their discovery in 1962 (Gray et al 1962;.Schrauzer and
Mayweg 1962; Davidson et al 1963). They are well known for their overall planar
geometry irrespective of the metal or its oxidation state. In addition they exhibit a
number of characteristics which make them particularly attractive candidates as
n-acceptor units in the formation of donor-acceptor compounds. These include the
ability to undergo reversible electron transfer reactions to yield stable species, the large
delocalization of the highest occupied molecular orbital of ~t-symmetry, the existence of
species with sufficiently high electron affinity to remove an electron from a wide variety
of organic donors, in general good solubility and stability in organic solvents. Even,
perhaps more importantly, these complexes possess a considerable degree of structural
(both molecular and electronic) flexibility available via the changes in the central metal
atom, M, ligand substituent, X and the counter ion, R +, which can be varied in a
systematic way to study the effect of molecular features on the solid state structure and
properties.
The variety of metal dithiolenes may be appreciated through the illustration of many
examples in table 1, where the many unique physical and chemical phenomena
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Figure 1. Molecular structure of bis(ethylene 1,2-dithiolato) metal complexes.
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exhibited by these compounds are mentioned. The chemical structures of the
compounds abbreviated in table 1 are presented in figure 2.
A classification of the donor-acceptor compounds formed by the metal dithiolene
compounds based on an earlier classification of organic charge-transfer systems (Soos
and "Klein 1976) is presented in figure 3. The factors taken into account for this
classification are mainly crystal structure and magnetic behaviour. An example for each
subdivision is provided in the figure.
We are primarily interested in our laboratory in cooperative magnetic phenomena
investigated by magnetic susceptibility and electron paramagnetic resonance (EPR)
measurements. We would like to establish correlation between the structural and
magnetic parameters and probe charge-transfer interaction via the spin Hamiltonian
parameters wherever possible.

3. Introduction to exchange interaction
Exchange coupling is entirely orbital in nature though formally equivalent, via the
Pauli principle, to the cosine coupling between the spin magnets of various atoms (Van
Vleck 1932). The exchange Hamiltonian, generally known as the Heisenberg-DiracVan Vleck (nDvv) Hamiltonian can thus be quite generally written as

~ x = - 2 E Jo S,'SJ,

(1)

ij

or in terms of spin components
~ex = - 2 ~ J,j (~ S~" S; + [3 Sf "S~ + ~ S{" S~).
(2)
0
The values of~, fl, and ~ in (2) define the nature of exchange coupling. When ~ = fl =
= 1, the isotropic Heisenberg exchange results. When ~ = fl = 0 and ~ = 1 the
exchange coupling is said to be Ising and this represents the extreme situation of
anisotropy. On the other hand the X Y (or planar Heisenberg) model of exchange
coupling is obtained for ~ = fl = 1 and y = 0. The totally anisotropic case results when
:p fl :~ ~. For linear chain interactions j can be taken to be i + 1. A positive value of J
corresponds to ferromagnetic coupling with the unpaired electrons coupled parallel to
each other while a negative value for J corresponds to antiferro-magnetic coupling with
an antiparallel coupling of the spins.
Experimental and theoretical studies have shown that in many materials the
magnetic part of the Hamiltonian can be quite accurately represented as a bilinear interaction in a set of spins Si and the Hamiltonian is successfully employed in the
interpretation of magnetic properties of several compounds in the solid state (Moriya
1963)
"~ij = -- 2Jij Si" Sj + ~}ij" [ S i x Sj] + S i 9Fij" Sj.
(3)
^

^

A

^

~

^

The isotropic exchange, Jij tends to align the spins parallel or antiparallel depending on
the sign of J and dominates the static properties such as susceptibility, specific heat, etc
whenever Ag/g <~ 0-1. Dij is an antisymmetric vector (Dij = - Dj~)and tends to align the
spins perpendicular to each other, thus opposing J. The magnitude of D~j to first order
is ,~ (Ag/g) J, where Ag describes the orbital contribution to the g tensor. In order to
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Figure 2. Chemicalstructures of compounds abbreviated in table 1.
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Figure 3. Schematicclassification of metal dithiolenes based on structureand magnetism.
have a non-zero antisymmetric coupling between the two ions, it is necessary that
the o-tensors of the two ions be different, and that there should not exist an inversion
centre at the mid-point of the line joining the two ions.
F u, the anisotropic exchange tensor also tends to align the spins parallel or
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antiparallcl but defines a direction along which the coaligned spins have maximum
energy--much like the classical dipole-dipole interaction. The anisotropic term arises
from spin-orbit coupling and its magnitude is of the order ,~ (Ag/g) 2J. The bulk
magnetic properties arc often quantitatively given by J since the anisotropic exchange F
is considerably smaller, e.g. it is of the order of 10-2J for Cu(II) ions. Anisotropic
exchange interaction corresponds to an effective dipolar coupling, with the principal
axis determined by the g tensor of the complex and hence is also called pseudo dipolar
coupling.
Exchange interaction has basically two types of effects--static and dynamic. The
static effect is caused by the removal of degeneracies and the magnitude of splittings
which is a measure of the strength of the interaction and can be determined by
measuring the properties such as susceptibility, specific heat, etc which varies with
temperature assuming a Boltzmann distribution. For a discussion of dynamic effects of
exchange it is convenient to regard J as a spin-flipping frequency. One can in principle
measure J from dynamic properties such as linewidth, provided the theory is good
enough to relate these two quantities.
Although J is most often determined by static methods, EPR is a more sensitive tool
particularly for a very small J or for small interchain interactions which are masked in
the gross susceptibility.
Often one needs to study the EPRlinewidth as a function of angle, Zeeman frequency
and temperature to separate out the various contributions such as hypcrfine, dipolar
and anisotropic exchange and also to obtain separately the secular and nonsecular
contributions. Furthermore, this requires a prior knowledge of precise g- and hyperfine
anisotropic values in the absence of dipolar and exchange fields.

3.1 Consequences of exchange in LD compounds
Recent experimental and theoretical studies as reviewed by de Jongh and Miedema
(1974) and Hone and Richards (1974) have been focussed on LD systems (Keller 1975)
with strong exchange J ~ 10 to 100 cm-i. In general, EPR in systems with strong
exchange leads to an 'exchange-narrowed' line whose shape, angular dependence, field
dependence, etc yields information about the dimensionality of the exchange coupled
network and about the local magnetic interactions. In the case of LD systems there are
two qualitative differences expected. They are: (i) the lineshape should be nonLorentzian and (ii) the angular and temperature dependences are quite different from
what is predicted for three-dimensional (3D) systems.
Deviations from Lorentzian behaviour of EPR lines were first observed in
N(CHa)4MnCI3 (TMMC)by Dietz et al (1971). In 3D systems only short-time behaviour
(ti < h/J) of the spin correlation is important and so the linewidth can be adequately
given by the relation

ABpp =

(~/2)89 ( A ~ 1 )/w,,,

(4)

where (At.o2 ) is the mean square deviation from the Larmor value and o~e is the
exchange frequency.
In LD systems long time spin correlations are important (figure 4) even when kT
exceeds J by an order of magnitude. The disturbance which was initially confined to say
i, will spread evenly throughout the system and hence the spin correlation function ~k(T)
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Figure 4. Schematic representation of the decay of the autocorrelation function r
The
short time region upto tl ~-/~J - ~ is Gaussian while the diffusive region extends to to. For times
> to the I D T-1~2 diffusion is cut off by interchain coupling.

or (Si(~)Sj) is governed by diffusion processes (Hughes et a11975)and can be written as

(,) = (S~ (,) Si ) =* -"/2,

(5)

where d is the dimensionality of the system. The characteristic decay time, *c defined as
zc =

~b(z) dz

(6)

converges when d = 3 since the ~-3,2 dependence of r
is sufficiently rapid to make
the integral converge and hence the long time diffusive tail does not seriously alter the
exchange narrowing formula. For d = 1, however, T- ,/2 dependence of ~, (z) leads to a
lineshape which is the Fourier transform of exp [ - At 3'2] which is somewhat midway
between Gaussian and Lorentzian lineshapes as shown in figure 5. This non-Lorentzian
lineshape has been verified in TMMC (Dietz et al 1971) and in ~x-CuII (l'hlmethylsalicylaldiminato)2 (Bartowski and Morosin 1972).

3.2 lnterchain exchange and its effects on the 1D lineshape
In reality there are numerous transition metal salts and organic ion-radical complexes
which are seemingly 1D systems but show nearly Lorentzian lineshapes characteristics
of 3D systems. The reason is that it apparently takes only ] small interchain coupling
constant, J' to change the observed lineshape from the exp [ - At a/2] to Lorentzian.
When J' ,~ J, the short time behaviour of any spin correlation function is largely
determined by the nearest neighbour intrachain exchange, J. Weak interchain
contributions are important at long time, where they effectively cut off the slow
diffusive decay t - 1 / 2 of 1D systems. Beyond the cut-off (to in figure 4) the decay
becomes exponential. The cut-off time to is related to J ' by

to'

IJ'l"3/IJI ''3.

(7)

Hennessy et al (1973) have predicted that J'/J greater than 10- a is required to suppress
the diffusive behaviour of spins along the chain and to get nearly Lorentzian shapes.
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3.3

Spin correlation functions

Exchange-narrowed magnetic resonance linewidth has been shown to be related to
Fourier components of spin time-correlation functions--two-spin correlations in the
case of hyperfine and four-spin correlations in the case of dipolar broadening. The
normalized two-spin correlation function
Cij (t) =

[ 3S ](S( S+~1)( t ) S , ( O ) )

(8)

has been investigated primarily for the case i = j, with C ( t ) = C,(t). The two-spin
autocorrelation function C (t) has been computed by Windsor (1967), for classical spins
by Blume and Hubbard (1970) at high temperature and by Carboni and Richards (1969)
for finite linear chains. A Gaussian form for C (t) was suggested by Anderson and Weiss
(1953).
The dipolar interaction, on the other hand, leads to four-spin correlation functions
given by

[3y

C,jk, (t) = 2S (S-+ 1)

( $7 (t) Sf (t) Sk (0) S[ (0)).

(9)

Even after restricting to only diagonal correlation, a further approximation of strong
decoupling is usually made which gives,

<s : (t) s ; (t) s i (o) s,- (o)) ~- <s 7 (t) si- (o) >2 ~: c 2 (t).

(lo)

The above expression is exact for vanishing interchain exchange. The general theories
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of magnetic resonance relate the width (F) of the exchange narrowed line to the
amplitude of local (dipolar and hyperfine) fields and for kT~> Ji~ to Fourier
components of spin correlation functions.
Ftota I = Fhyperlin e + Fdipom

= at~

+ a tl) g (COo)+ M2~~

+ Mt21)f(coo) + Mt22)f(2tOo),

(11)

where g (to) and f(co) are given by
0 (co) = 89

I'2

f(co) = 89

exp (i~ot) C (t) dt,

(I 2)

exp (i~ot) C 2 (t) dr,

(13)

a ~~ and a ") are respectively the secular and nonsecular hyperfine second moments while
M~~ M~~) and M~2) are respectively secular (Ares = 0)and nonsecular (Ares = + 1 and
Am, = + 2) dipolar second moments. The second moment calculations for the dipolar
and hyperfine fields are straightforward (Soos et al 1973).
Since the spin correlations arising from o~cxare isotropic, angualr and/or frequencydependent EPR line-width provides equations in which the only unknowns are the
Fourier components of various spin correlation functions. Hence it is possible to sort
out the individual components. The Fourier components thus obtained can be fit to a
one parameter form of C (t)---either Gaussian form of C it) proposed by Anderson and
Weiss (1953) or Blume-Hubbard's (1970) high temperature approximation model, to
get the exchange parameter for the system.
In highly LDsystems the secular contributions to the second moments are likely to be
enhanced, i.e.
M[OWd "~- M t~
+ r-l M~~
2

(14)

The parameter r/ ranges from 0 to oo. For t / = 0, we have the usual 3D case for
J >>g[3Bo, where secular and non-secular terms contribute equally. The limit t / ~ oo
leads formally to an angular dependence dominated by Mr2~ In practice, r/values of
order unity are consistent with Lorentzian lines and slightly enhanced secular
components. For simplicity it is generally assumed that the same enhancement holds
for both hyperfine and dipolar contributions.

4.

Exchange interactions in metal dithiolene systems

As mentioned in w by virtue of their highly planar geometry, metal dithiolenes stack as
columnar structures in the solid state. Stronger interaction among units within a chain
than between chains leads to anisotropic properties. We are mainly interested in the
magnetic properties of the system as understood through preliminary susceptibility
and detailed EPR studies. These magnetic effects are a manifestation of exchange
interaction, J and our aim is to get a handle on the sign, magnitude and dimensionality
of exchange in these systems. We have experimental realizations covering the whole
range of J regimes:
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(i) J >> ~Zeeman >> ~broadening,
(ii) J I> ~Zeem~n >>~
and (iii) ~Zeeman > J >

~

and as well as J > kT, kT > J and kT >> J. These systems are studied basically through
x-ray crystal structure, magnetic s/lsceptibility, EPR linewidth and lineshape to get an
understanding about the dynamic effects of the exchange interactions. In our effort to
characterise new examples Of LD systems, we have synthesised and studied a few Ni(III)
and Cu(II) dithiolenes and a brief review of the interesting results is outlined in the
following sections.

4.1

Crystal structure

In general, irrespective of the particular form of dithiolene ligands or the counter
cations, the MS4 core is strictly planar and possesses D2h symmetry. Typical values of
M-S bond lengths are given in table 2. The M (mnt)f systems have a shorter M-S bond
compared to M (mnt)~- systems. The cyanide (-C-N) bond length is very sensitive to
the changes in the metal oxidation state or in general to the total electron density in the
anion unit. Any partial charge transfer to the metal system, hence, should be reflected in
the C - N bond length and so can be taken as an indication of charge transfer. An
examination of C=N bond length given in table 2 shows that in TMPD Ni (rant)2
the C=N distance is large compared to other Ni(III) compounds but is closer to Ni(II)
compounds. This along with the fact that there are several short contact distances
between the C--N group of Ni (mnt)~ and the TMPDunit indicates that there has been
some electron transfer from TMeO+ tO Ni (mnt)~. Further evidence is obtained from the
fact that the "rMPD+ unit of this compound has very pronounced quinonoid structure
and the bond distances are much closer to T~eD 2+ rather than TMPD+, indicating that it
has acquired more than a single positive charge. Thus we have a strong structural
evidence of charge transfer from TMPD+ unit to Ni (rant)2 unit.
An important feature in the structure of these rant chelates is that they all stack in
columns along a specific crystallographic axis. Based on the nature of the units that
make up the stack and as well as how these units are stacked, one can get either a mixed
stack (in cases where both the units are planar) or a segregated stack (self-stack). Typical
examples are given in table 3. Both of these types can have their units (say D, donor and
A, acceptor) uniformly spaced or alternatingly spaced. Charge transfer may occur either
by direct lateral overlap in the case of mixed stacks (D + A- D + A - . . . ) or by edge-wise
contacts between D + D §
chains and A - A ~ - A - . . . chains in the case of
segregated stacks.
Alternation of interplanar spacings in segregated structure of M (mnt)2 systems
invariably leads to dimerization of the anions. The dimerization occurs involving the
metal ions bridging to one of the sulphur atoms of the other anion of the same dimer as
shown in figure 6. The N i . . . S (bridging, out-of-plane) distances range from 3.45 A to
4 A compared to the Ni-S (in plane) distances ~ 2"15 A. In such cases the stacking is
referred to as 'diadic'. However, interdimer interactions along the stack cannot be
totally ruled out, particularly when the metal atom alternation distances are not very
large. The extreme case of an 'isolated' dimer stack (zero-dimensional, then) can also be
envisaged crystallographically, but in reality small interdimer interactions as well as
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Figure 6. The anion stack o f NEt4Ni (rant)2 showing the alternation in the Ni-S overlaps.
interstack interactions make it a higher dimensional one. Nevertheless, crystallographic
work can help one to guess the dimensionality of the interactions. For exact conclusions
one has to naturally resort to magnetic studies.
4.2

Magnetic susceptibility

In the last two decades there has been considerable progress in the description of LD
magnetic systems. We focus particular attention on the magnetic susceptibility and lowlying excited states of antiferromagnetic 1D Heisenberg (S = I/2) chains. The case of
uniform exchange between spins along the chain has been studied mainly by Bonner
and Fisher (1964), and Bulaevskii (1962), while the case of nonuniform or alternating
exchange along the chain has been considered by Bulaevskii (1969) and Duffy and Barr
(1968). The spin coupling Hamiltonian for these cases of 1D systems is

N/2
~=

~ (Jl
i=1

S2i'S2i-1 -I-J2S2i'S2i+l).

(15)

Defining ~t = J2/Jl, we get the uniform chain for ~t = 1, alternating chain for ~ < 1 and
the limiting case of isolated dimers for ~t = 0. An important difference in the feature of
susceptibility (Z) vs T of the above cases is that the susceptibility for the uniform infinite
chains is nonvanishing at absolute zero and that the two nonuniform chains at either
extremes of ~tare essentially similar at low temperatures with 2(vanishing exponentially.
The variation of magnetic susceptibility with temperature has been shown for two
such extreme cases, namely ~t = 1 and ct = 0 in figures 7 z[nd 8.
Magnetic susceptibility measurements on Trop § Ni (mnt)2 (Manoharan et al 1981)
down to 4"2 K showed a broad maximum, characteristic of 1D systems, at 8 K indicating
a sizable antiferromagnetic interaction (figure 7). The data could be fit into the BonnerFisher (1964) expression for uniform chains with J = - 4 . 4 cm-1. It should also be
noted from the inset of figure 7 that below Tmax the susceptibility does not at all follow
the behaviour of 1D chain and this has been explained as due to ferromagnetic
interactions between the chains below Tmax.
A slightly complex dependence of X on T has been observed for TMPD+ Ni (mnt)2
(Ramakrishna and Manoharan 1983a), where both the anion and the cation are
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Figure 7. Variation ofxM with temperature for Trop § Ni(mnt)i- (uniform chain). Solid line
represents the theoretical susceptibility calculated by the linear chain Heisenberg model. The
inset shows the fit near the Tma~ region.
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Figure 8. Variationof~M with temperaturefor (NMP+)Ni(mnt)~ (dimericchain).The solid
line above T = 90 K represents the theoretical susceptibilitycalculated from equation (17)
while that below T = 70 K represents the susceptibility calculated by using the ECPmodel
(equation (18)).

paramagnetic having one unpaired electron each. The susceptibility studies down to
4-2 K showed the presence of two temperature regions--a Curie-type behaviour below
100 K and an almost temperature-independent susceptibility above 100 K (figure 9).
The low temperature regime susceptibility has been analysed on the basis of the random
exchange Heisenberg anitferromagnetic linear chain (REHAC)model (Bulaevskii 1969;
Soos and Bondeson 1980). The occurrence of chemical or packing defect is quite general
in LO systems and can have drastic consequences on the magnetic and transport
properties. Finite chain effects in magnetic systems produce divergent susceptibilities
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Figure 9. Temperature variation o f susceptibility of TMPD+ Ni (mnt)2. The X- i vs T plot
shows clearly the two-temperature regimes T < 100 K, where a Curie-Weiss behaviour is seen
and T > 100 K where ;t is almost temperature independent.

associated with odd length segments. In such cases the susceptibility deviates from
Curie behaviour and shows a power law behaviour, instead:
z ( T ) = A T -y or log z(T) = log A -~, logT.

(16)

The exponent ~,has been found to be usually between 0-72 and 0.89. A plot of log ~ (T) vs
log Tyielded in the ease ofxMPO+ Ni (mnt)2 the value of~, as 0.84. The concentration of
breaks in the otherwise infinite regular chain was estimated to be 0-20. Below 100 K a
decomposition procedure (Tomkiewicz et'al 1980) was used to separate out the X
contributions from the individual stacks of XMPD+ and Ni (mnt)~-. At 4.2 K, 90 % of the
susceptibility is from Ni (mnt)f and this contribution decreases as the temperature is
increased and becomes 83 ~o at 100 K.
On the other hand very strong antiferromagnetic exchange has been observed in
N~p + Ni (mnt)f (Kuppusamy et a11984a) which has dimeric Ni (mnt)f anions stacked
along the crystallographic a-axis. A 2J value of - 241 cm- 1could be obtained by fitting
the measured X values down to 90 K into the expression
Xu=

Ng2fl2 [1 +~exp ( J / k T ) ] -1 +Not,
3kT

(17)

with N~, = 206 cgsu/mol. The fitting is shown in figure 8. Below 90 K an increase in
susceptibility was observed, obeying the power law expression (equation (16)) with
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= 0"85. By assuming the exchange coupled model (EcP) of Tippie and Clark (1981) for
random exchanges in alternating chains, the entire data below 70 K could be fit very
satisfactorily into the expression

Z

~2#2 N
=

j

[2J/kT]Yft (~,),

(18)

and with fl 0') = 0"445 exp ( - 0.633 ~) for ), = 0"85 and for a concentration of random
exchanges, c = 0-05. Hence it is observed that 95 ~ of the exchanges are normal with
2J = - 241 cm- ~ while 5 ~ exchanges are randomly distributed with a maximum cutoff at 2,/.
4.3

eeR studies

EPR studies, in general, complements and extends the static magnetic susceptibility
results as the integrated absorption intensity is proportional to the susceptibility. It also
probes the electronic structure of the spin carriers through the principal 0-values and
relate them structurally to the lattice through the orientation of the axes of the 0-tensor.
Finally, it contributes to the study of spin dynamics in coupled spin systems of low
dimensionality through the behaviour of absorption linewidth and lineshape. In
particular, EPa studies could predict very accurately the existence of small interchain
couplings which are otherwise masked in the gross susceptibility. We give below a brief
summary of the EPI~results of a few metal dithiolene systems studied in our laboratory.
An interesting display of interstack (or intersite) electron spin exchange has been
observed (Manoharan et al 1981) in (Tropilium) § Ni (mnt) 2, where though there are
two magnetically distinct sites, the single crystal EPR spectrum at 300 K appears to
consist of one single line at all orientations, except in the ab plane at Q-band frequency
(35 GHz). This will happen if the difference in the Zeeman frequencies of the two spins,
(gl -g2)flB is larger compared to the exchange frequency between the two sites. Using
the modified Bloch equations (Carrington and McLachlan 1967) the spectra in the ab
plane were simulated. Two such simulated spectra are presented in figure 10. The
interstack exchange, J ' has been estimated to be 450 + 30 MHz at 300 K.
The two lines in the ab plane at Q-band frequency move close together and coalesce
into a single line of 350 G width on decreasing the temperature to about 240 K. Further
lowering of temperatures results in a narrowing of the line to a width of less than 100 G
at ,,- 8 K. This could be accounted for in terms of an increase in d' on cooling the
system. In the limit of rapid exchange the linewidth of the coalesced line is given by
gay fl ABpp = [gl - g2] fiB] 2/8 J',

(19)

where gay = (gt + [?2)/2 and ABpp is the peak-to-peak derivative linewidth. Using the
above expression the interstack exchange was calculated as a function of temperature
and it was estimated that J' increases by a factor of 4 over the range 300-8 K (figure 11).
At the coalescence temperature J ' is given by
j' =

1

(g,

-

g2)~B,

(20)

from which one gets J' = 646 MHz.
In the at* plane, where all the sites are magnetically equivalent due to the two-fold
symmetry of the monoclinic system, it has been observed that anisotropic exchange and
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Figure 10. EPRspectra of Trop +Ni(mnt)f singlecrystal at the orientation of 0 = 55~ (top)
and 0 = 65~(bottom)in the ab plane. Dotted line is the experimentalspectrum whilethe solid
line represents the computer simulation.

low dimensionality of the magnetic interactions are responsible for the observed
linewidths to a larger extent. Following the approach of McGregor and Soos (1976) an
anisotropic exchange contribution of 0-26 + 0.015 c m - 1 has been estimated along with
a value of 0-65 + 0.15 for r/, a measure of enhanced contribution o f secular terms to the
total second moment (of equation (14)).
The ion-radical charge-transfer salt TMPD+ Ni (mnt)~ is a novel and unique system
that has been investigated (Ramakrishna et al 1983; Ramakrishna and Manoharan
1983a) in detail to understand the exchange interactions between two S = 1/2 spins
coming from two chemically different moieties. At 300 K, though the acetone solution
of this system gives two resonances corresponding to isolated TMPD§ and Ni (mnt)f
at g = 2.0023 and g = 2-066 respectively, the larger linewidth (35 G) of the T M P D +
signal compared to other simple TMPD§ salts and the total absence ofhyperfine features
suggest the formation of weak self-aggregates as a result of CT complex formation. The
frozen solution at 77 K yields a three g-pattern corresponding exactly to Ni (mnt)s and
no resonance corresponding to TMPO+, quite expected as a result of dimerization of
TMPD§ moieties (Thomas et al 1963).

995

Exchange interactions in metal dithiolene
1.8
L

~ 1 7o6

9

1./.,

~J

1.0

0.6

0.2

0

I

I

I

I

I

50

100

150

200

250

300

Temperature (K)

Figure 11. Plot of temperature dependent interstack exchange frequency as calculated by
equation (19).

The powder pattern shows a single broad line of ~ 350 G width and X-band and at
300 K centred at g = 2.03, which is the average of individual gav'S of the two radicals.
But it gradually sharpens on cooling and at around 120-130 K it splits into the familiar
orthorhomic g-pattern (figure 12) whose principal values are close but do not exactly
match with those of isolated Ni (mnt)2. The valid reason for the temperature
dependence of g is that there is rapid spin exchange between the dissimilar systems.
From the frequency and the temperature dependence of the powder line a ratio
of 1.94 x 10-2 was obtained for F/J, where F is the anisotropic exchange defined in
equation (3). Single crystal EPRstudies yielded the g-tensor direction cosines that do not
coincide with the molecular directions ofNi (mnt)s ion but rather are crystallographic.
The g= (1"992) direction, for example, is tilted by about 40 ~ from the normal to the
Ni (rant)2 plane towards the stack direction (a-axis). The line-width analysis in a plane
perpendicular to a-axis gives values of J, F and ~/as 8 + 2 cm- 1, 0.15 __+0"05 cm- 1
and 5 __. 2 respectively. The lineshape analysis at B I1a (figure 5) shows that the system is
quite LO, whereas a t / ~ l a , a nearly Lorentian lineshape was observed.
Sometimes, unlike in the normal exchange coupled systems, 'magnetic dilution'
achieved through strong anti-ferromagnetic intrachain exchange leads to sharp lines in
EPR, which enables the resolution of extremely small fine structural details.
NEt+ Ni(mnt)2, a strongly exchange coupled system with 2J = - 490 cm- 1 (Weiher
et al 1964), has been reported to have alternating Ni (mnt)2 ions along the stack
(Kobayashi and Sasaki 1977). Though the distances are almost close (3.51 A and
3.53 A), the various interatomic distances for any reference unit with its neighbouring
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units on either side and hence their overlaps are quite different. The exchange
interactions which are very sensitive to the relative orientations and overlaps are hence
not uniform but alternating. The susceptibility data in the range 100-300 K (Weiher et
al 1964) could be well accounted by fitting into a Hamiltonian of non-interacting
dimers.
The epa spectrum which is observable only below 100 K is of very weak intensity
(Ramakrishna and Manoharan 1983b, 1984). Generally two sets of lines were observed
corresponding to the two inequivalent sites of the monoclinic unit cell but with each set
having a bunch of lines. The lineshapr (figure 5) and linewidth analyses showed clearly
the high one-dimensionality of the exchange coupled network. The angular variation of
these fine structure lines is shown in figure 13. The fine structure has been simulated on
the basis of interchain dipolar interactions with the neighbours on surrounding stacks.
The dipolar coupling with the spins on the same stack does not cause splitting as it is
averaged out by the strong exchange along the stack and hence has been neglected
simulation. The weak interchain exchange is not able to average out the dipolar
splittings completely but only reduces it. The method formulated by Anderson (1954)
was used to evaluate the effect of weak exchange on splittings in EPR caused by other
interactions such as hyperfine, dipolar, etc.
The relatively smaller singlet-triplet separation (241 cm-1) observed in the dimeric
stack of (N~te) Ni (mnt)2 compared to other similar dimers provides a convenient means
of studying the triplet exciton EPR. At ambient temperatures larger triplet exciton
population results in a collision broadening of the triplet signals and hence only one
broad signal (ABpp "~ 800 G) is observed. However, the triplet fine structures appear on
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Figure 13. Angular variation of the fine structure lines in the bc plane of NEt4Ni (rant)2.

cooling the system down to ,-, 25 K. A feature similar to what has been observed by
Hoffmann et al (1983) in Cu (DMP)2(TCNQ)is seen except that in our system the g-tensor
anisotropy is large. A detailed investigation is in progress.
Snaathorst et al (1981) have reported a non-planar Cu(mnt)22- complex with
methylene blue counter cation. The x-ray structure shows a dihedral angle of 47.4 ~
between the planes of the two mnt ligands. It shows also that the anions are paired, with
a Cu-Cu distance of 7.115 A. The electrostatic interaction between the two unpaired
electrons gives rise to a singlet ground state and a triplet excited state, 5.2 cm- 1, above
it, as determined from the magnetic susceptibility data. The EaR spectra of the excited
triplet state were measured at 4.2 K. The g-, copper hyperfine- and zero field splitting
tensors were determined and could be reproduced quantitatively with semi-empirical
Mo calculations.
For systems with J < 1 cm- ~, the decisive evidence for LDmagnetic properties rests
on detailed analysis of spin dynamics as manifested in EPR or neutron diffraction
studies. Generally Cu(II) dithiolenes are found to be weakly exchange coupled. Plumlee
et al (1975) have studied (NBu4)2Cu(mnt)z and they report a J value of ~ 107 G which
is of comparable magnitude with hyperfine interactions. At certain orientations of the
crystal J is actually less than the hyperfine interaction resulting in a multiline EPa
spectrum. Using a degenerate perturbation theory the multiline spectrum has been
analysed directly (without having to resort to linewidth analysis) to estimate the
exchange parameter. Both the smallness of J and the smallness of dipolar interactions
are unusual features of (NBu4)zCu (mnt)2.
The situation would be different ifJ exceeds magnetic interactions such as dipolar or
hyperfine terms, in which case one would observe only a single exchange narrowed line.
Then an indirect calculation of J through linewidth analysis would be necessary and
this would require a knowledge of the dipolar and hyperfine second moments. The
analysis would be further complemented by studying the lineshapes as well as Fourier
coefficients of various two-spin and four-spin correlation functions.
An example of such a weak exchange regime has been observed in (NMP)2Cu(rant)2,
(Kuppusamy and Manoharan 1983; Kuppusamy et al 1984b) where the relative
Hamiltonians are:
~ Z > ~ex > ~hyp > ~dip

10
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(~MP)2Cu (rant)2 forms a kind of mixed stack with a donor acceptor sequence DAD-DAD
along a-axis of the monoclinic unit cell. Static susceptibility measurements down to
4.2 K showed the exchange to be very small (J = - 0-13 cm- 1). Single crystal EPRin the
ac* plane, where the two sites are magnetically equivalent showed single exchange
narrowed Lorentzian lines with hyperfine dominated linewidth. The angular dependence of the linewidth in the ac* plane along with the computed second moments was
used to evaluate the high temperature Fourier components of the autocorrelation
functions C (t) and C2(t). The computed nonsecular components were shown to follow
from either the Blume-Hubbard model within 3 = 2100 G or from the AndersonWeiss model with J = 1175 G. The calculated linewidth in the ac* plane is compared
with the experimental linewidths in figure 14. The prediction of the correct order of
exchange coupling through EPR linewidth, in line with the susceptibility prediction has
been found to be fairly successful using the existing theories for weak exchange.
Sometimes an estimate of J ' / J can be made by using the frequency dependence of the
linewidth. Except along symmetry directions, the two types of chains (eg. in a
monoclinic system) have different 0-factors and therefore two separate EPRlines would
be seen in the absence of J'. The coupling J ' merges the lines, but the width of the single
observed line is proportional to the square of the microwave frequency. A rough
determination of J ' / J can be made even if the chains are not magnetically inequivalent
by using the frequency dependence of the linewidth due to anisotropic dipolar
interactions between chains to determine the Fourier components of the spin
correlation function (Soos et al 1973; Huang and Soos 1974). Theories of exchange
narrowing predict that the frequency dependent linewidth due to inequivalent sites
(Yokota and Koide 1954; Hughes et a11975) depends on the square of the splitting, ABe
or AB x, which ought to have been but for exchange,
ABpp (Q) - ABpp (X) -- -/~B~ - AB 2
He

'

(21)

where He, the interstack exchange frequency is given by
(gfl/h)H e = 4t~- 1 (x/3/2).
In equation (22), tc is the correlation time given by

(22)

(23)
The weak exchange system (NMe4)2Cu (rant)2 shows a single EPRline both at X- and
Q-band frequencies in the bc plane, where there must be two separate resonances due to
the magnetic inequivalency of the sites but for J'. The Q-band linewidths are larger for
any orientation, except/~ along b- or c*-axis of this monoclinic system (figure 15). Using
equation (21), the value of He has been estimated to be 300,4- 50 G. This along with a
value of 600 G for J, obtainable using the linewidth data in the ac* plane, gives 50 G for
J'. This observation is consistent with the fact that in the ab plane the two resonances
could be resolved at Q-band frequencies. The ratio J '/J _~ 10-1 also shows the close-toone dimensionality of the interactions.
=

5.

Conclusions

The metal dithiolene systems, thus, provide a convenient basis for studying various
cooperative interactions, like intrastack and interstack exchange interactions, aniso-
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and

tropic exchange, etc occurring in magnetically condensed solids. We have studied several
J regimes with respect to temperature, Zeeman frequency and broadening mechanisms
such as dipolar, hyperfine and anisotropic exchange. We could establish successfully the
dimensionality of the exchange coupled network by an analysis of the position, width
and shape of EPR lines using the existing theories of exchange narrowing aided by
susceptibility and structural results.
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