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The linear chain S = ! molecular ferromagnet decamethylferrocenium tetracyanoethanide 
[CDMeFc)(TCNE)] has been studied by frequency-dependent ac susceptibility 
experiments. X' (T) and X" (T) exhibit maxima in the temperature range of 4.8-4.9 K, which 
corresponds to the transition temperature to the three-dimensional (3D) ferromagnetic 
ground state. The 3D ordering is due to the presence of a finite interchain ferromagnetic 
interaction, as determined earlier by dc magnetic susceptibility and specific heat experiments. 
The results of ac susceptibility measurements below Tc are analyzed in terms of a 
Debye-like model to investigate the presence of gaps in the spin excitation spectrum of the 
system. Considerable changes are observed in the critical temperature on introducing 
spinless sites into the system. The transition temperature of the dilution series 
(DMeFc)xCDMeCoh _xCTCNE), where (DMeCo) + = (decamethylcobaltocenium +) has 
spin S =0, decreases with increasing (1 - x). 

INTRODUCTION 

There is increasing interest in the field of molecuTar 
and polymeric ferromagnetism. Several models have been 
developed to account for the ferromagnetic exchange. In 
nearly all cases, attempts to synthesize such ferromagnets 
have been unsuccessful. An important exception is deca
methylferrocenium tetracyanoethanide [(DMeFc) 
(TCNE)]. It can be modeled as a linear chain S = ! an
isotropic Heisenberg ferromagnet with a Curie tempera
ture of 4.8 KY The system consists of S = ! 
(DMeFcr + donors andS = t (TCNEr - acceptors. 

(DMeFc) (TCNE) crystallizes with stacks of alternat
ing cations and anions parallel to the long-needle axis of 
the solution-grown crystals.3 A schematic view of the type 
of stacking arrangement is shown in Fig. 1. The donor 
DMeFc consists of two Cs(CH3)s rings surrounding a 
FeIII ion. The acceptor TCNE is essentially planar. Earlier 
studies indicate that the Lande g factors for (DMeFc) +. 
are gil ~ 4.0 and gl ~ 1.3 as measured by electron paramag-
netic resonance techniques, where the gil and gl refer to the 
g factor obtained for magnetic fields parallel and perpen
dicular to the molecular axis.4 In contrast the 
(TCNE) -' has g=2 and is isotropic. The dc susceptibil
ity, magnetization, specific-heat, and neutron-diffraction 
studies show that the system becomes a three-dimensional 
(3D) ferromagnet below the transition temperature Tc 
z 4.8 K. 1

,S,6 The hysteresis curyes obtained by plotting M 
vs H at 2.2 K indicate that the material is a hard ferro
magnet with a coercive field of ~ 1 kG. At higher temper
atures the susceptibility versus temperature can be fit to a 
10 Heisenberg model for an intrachain excha~ge integral 
Jintrachain value of approximately 28 K. I The temperature
dependent specific heat C( T) has a cusp at the 3D ferro
magnetic transition temperature with a crossover to prima
rily ID behavior at higher temperatures.6 

The magnetic properties of the individual chains have 

been described by a Heisenberg-form spin Hamiltonian 
with a near-neighbor interaction and an orientational de
pendence of the (DMeFc)' + moment:1,6 

H= -IL [gfg4s~~+l +gfg4(S~~+l +S~~+l)], 
i 

where gTCNE = 2.0 and is isotropic, and gfMeFc = 3.9 and 
gfMeFc = 1.3. Substituting these values, the Hamiltonian 
can be rewritten as 

H 2.J '" [Si.<;< zi+l+r(Si<;<.~+l+Si'~yi+l)] = - intrachain £oJ.:t-' x-' ., r. 
i 

where r-0.3S. Hence even though Jintrachain is isotropic in 
spin space, the final Hamiltonian is anisotropic. The above 
Hamiltonian does not distinguish between the J and g an
isotropies. 

RECENT RESULTS AND DISCUSSION 

Apart from Jintrachain there is a weak but finite inter
chain interaction Jinterchain which drives the system to 3D 
long-range order below 4.8 K. On using a simple approx
imation 7 of Tc ~ (Jinte,Jintra) li2, we obtain a Jinterchain'~ 1 K 
and a spatial anisotropy of Jinterchainl Jintrachain in the range 
of -h to 1s. 

Ferromagnetic transitions can be closely studied by 
measuring the ac susceptibility in the vicinity of the tran
sition temperature. The Xac results summarized here have 
been measured using a mutual inductance bridge as' de
scribed.8 A ferromagnetic transition is characterized by a 
sharp maximum in the real and imaginary parts of the ac 
susceptibility xC T) at the transition temperature. As 
shown in Fig. 2, a sharp maximum in x' vs T is observed 
at T -4.9 K recorded at 89 Hz.9 The divergence is associ
ated with the transition to the ferromagnetic ground state. 
The imaginary part of the susceptibility recorded at 89 Hz 
is displayed in Fig. 3. It also peaks at approximately 4.9 K. 
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FIG. 1. Stacking arrangement of donor and acceptor molecules for out
of-registry chains of the compound (DMeFc)(TCNE). Other stacks are 
in registry (from Ref. 3). 

The higher-frequency data are similar, the curve, however, 
becoming less peaked as the frequency is increased. 

Using static scaling theory to analyze the divergence of 
X'(T) at temperatures for 5.8 K> T > T;' with a Tc of 
4.90±0.15 K, yields a critical exponent Yc z 1.31 
± 0.018. This value differs from the results in Ref. 1 and 
reflects our choice of a much more restricted range of tem
perature for the evaluation. Further, these data were taken 
at zero field as compared to the 2 kG for Ref. 1. The value 
obtained for Yc lies inbetween the 3D Ising and the 3D 
Heisenberg values consistent with the anisotropy in J dis
cussed above.lO The decrease in X' (T) below T can be 
explained by the relatively high coercive field of ~pproxi- .. 
mately 1 kG, resulting in hard ferromagnetic behavior. l 

The response of domains to an alternating field can be 
interpreted in terms of a Debye-like model for a two-level 
system with a single relaxation time T. This model has been 
used for paramagnetic systems where. the process is char-
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FIG. 2. Real part of the ac complex susceptibility'of (DMeFc) (TCNE) 
as a function of temperature. 
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. FIG. 3. Imaginary part of the ac complex susceptibility of (DMeFc) 
(TCNE) as a function of temperature. 

acterized by. a spin-lattice time constant, which is in the 
range of 0.1-1 msY In ferromagnetic materials, the mag
netization relaxes on a much longer time scale. Conse
quently, there is a preferential ordering direction of mag
netic domains and there is a loss of information about this 
preferential direction if the period of oscillation of the ex
ternal field is longer than the spin-lattice time constant. 
The relaxation process in this regime is indicative of the 
domain-wall processes in the system and can fit to an 
Arrhenius expression with respect to the temperature 
exp - (AlkBT) (Ref. 12). Fitting the experimental values 
of T measured for T .( Tc to the Arrhenius form yields a 
value of the activation energy of A~35 K. A more detailed 
examination of'the excitation spectrum by inelastic neu
tron scattering and Xac in a magnetic field will elucidate the 
effects of the strong spatial anisotropy of the exchange in
teraction, the domain-wall motions, and the possible exist
ence of solitons in this system. 

The (DMeFc) (TCNE) material is an ideal prototype 
system for study of quasi-ID ferromagnetism. For exam
p~e, ~heorists have long been studying the effects of spin 
dIlutlOn on" the 3D ferromagnetic ordering of low
dimensional systems. 13 'Replacement of S =! sites by S =0 
sites in a chain causes substantial changes in the magnetic 
properties. The study of (DMeFc)(TCNE) with some 
spinless sites, achieved by doping (DMeFc)(TCNE) 
with (DMeCo)(TCNE) where the (DMeCo) + 
= decamethylcobaltocenium is spinless, has been a test'of 

these theories. 14 Experimental results show a dramatic de-
crease of Tc withiricreasing dopant concentration in a 
manner which is in accordance with the two-decade-old 
theoretical predictions. 
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