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Abstract. We have designed and synthesized a novel magnetic cluster containing low-spin (S = 1/2) Fe3? and
spin-1/2 Cu2? ions, which incorporates competing ferromagnetic Fe–Cu interactions and antiferromagnetic Fe–Fe and
Cu–Cu interactions. This is achieved with the help of a cyanido-bridged hexanuclear iron-copper cluster
[{Fe(Tp)(CN)3}4{Cu(MePz)2}2] following the building block approach. All experiments were carried out using the
stable compound, [{Fe(Tp)(CN)3}4{Cu(MePz)2}2], after removing the solvent molecules at 110°C for 2 h. Unusual
magnetic interactions in this compound are revealed by the temperature- and field-dependent dc magnetic measurements. These magnetic measurements indicate the existence of ferromagnetic interactions between the low-spin
Fe3? and Cu2? ions via cyanide bridge dominating magnetic properties over a wide temperature range below *15 K.
At a still lower temperature, magnetic properties appear to be controlled by an effective antiferromagnetic interaction,
possibly arising from inter-cluster couplings. Frequency-dependent ac susceptibility measurements establish a possible
glassy state emerging below 4 K.
Keywords. Hexanuclear cluster; iron-copper; cyanide building block; ferromagnetic interaction; antiferromagnetic
interaction; spin glass.

1.

Introduction

Molecular magnets have been extensively studied over the
last few decades in the field of molecular material science.
These multi-spin systems have attracted great interest in the
recent past as they have potential applications in the field of
data storage devices [1,2]. Recently, considerable efforts
have been made to further design new molecular magnets,
whose physical properties can be altered by various external
stimuli, like light [3], pressure [4], electrical field [5] and
temperature [6], making them promising candidates for
applications in molecular devices such as switches and
sensors [7–9]. In particular, the involvement of 3d and 4f
metal ions with large spin ground states has motivated the
synthesis of a large number of appealing architectures [10].
These ideas have led to a variety of materials from 3D
lattices to complex ‘zero’-dimensional magnetic clusters,
known as single molecule magnets (SMMs). These materials have shown intriguing spin structures, like ferro, ferri
or canted antiferromagnetism, due to the possibility of the
presence of different kinds of interactions based on the
nature of involved magnetic orbitals [11]. Moreover, the
SMM materials are known to exhibit strong magnetic
This article is part of the special issue on ‘Quantum materials and
devices’.

anisotropy and can retain their induced magnetization over
a long period of time below a certain temperature, namely
the blocking temperature [12]. These are known as zerodimensional systems; thereby, being more susceptible to
fluctuations and quantum effects. Thus serving as models to
realize exotic quantum phenomena like quantum tunnelling
of magnetization [13,14], quantum coherence [15,16] and
large magnetocaloric effect [17].
Cyanometalates have played a crucial part in the journey
of rational design of these molecular magnets [18]. These
cyanometalates form a large class of building blocks with
tunable geometries and oxidation states with various metal
ions. Hence they serve as excellent starting materials for the
designing and preparation of switchable magnetic materials
[19]. Moreover, magnetic exchange interactions between
the metal centres, e.g., ferromagnetic or antiferromagnetic,
can be controlled via modifying the bridging angle between
the M–CN–M0 bonds (M and M0 = 3d transition metal ions)
and symmetry of overlapping metal orbitals. Topological
structure of heterometallic cyanide-bridged molecular
assemblies mostly depend upon the nature of blocking
ligands coming from the building block, the relative charges
and the geometry of cyanidometallates [20,21]. Among the
most explored cyanometallate building block is the
poly(pyrazolyl)borate (Tp) tricyanoiron(III) anions of
[(Tp)FeIII(CN)3]-, where the Fe(III) metal centre is in the
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low spin state with S = 1/2. This has been used in forming a
series of multinuclear heterometallic assemblies of low
dimensional geometries, like dumble, square, decorated
square, trigonal bipyramidal and cubes, with attractive
magnetic properties. Surprisingly, while several {FeIIIxMIIy}
clusters, where (M = Mn, Fe, Co and Ni) involving
[(Tp)FeIII(CN)3]-, are very well studied and also some of
them are well known to exhibit intriguing magnetic properties, there have not been many studies on {FeIIICuII}2
clusters [22–25]. Here we report the synthesis of the first
extended square {FeIII2CuII}2 hexanuclear magnetic
molecular assembly: [{Fe(Tp)(CN)3}4{Cu(MePz)2}2].
Extensive magnetic measurements establish unusual properties with cross-overs between dominant ferromagnetic
interactions, antiferromagnetic interactions, and spin glass
like behaviour in different temperature regimes.
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Magnetic measurements were performed on a Quantum
Design MPMS–XL SQUID magnetometer. A polycrystalline desolvated sample was taken in the polypropylene
bag and was subjected to the measurement. Firstly, M vs. H
measurement was performed at 100 K to check the presence
of any ferro or diamagnetic impurities, which were found to
be absent. The temperature-dependent magnetic susceptibility was measured from 1.9 to 300 K in the external
applied field of 10,000 Oe. Isothermal magnetization was
measured between 1.9 and 100 K for several temperatures
up to 5 T. The ac susceptibility measurements were carried
out with the time-dependent field of 3.5 Oe, with the
oscillating frequency ranging from 1 to 1500 Hz. The
magnetic data were corrected for the sample holder contribution and other diamagnetic contributions.
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Results and discussion

Experimental

fac-[PPh4][FeIII{HB-(pz)3}(CN)3]H2O is commonly termed as P[FeIII(Tp)(CN)3]; where PPh4? = tetraphenylphosphonium cation; and HB(pz)3 = hydrotris(1-pyrazolyl)
borate. At first, a Fe(II)-bis complex {FeII[HB-(pz)3]2} have
been synthesized using Fe(II)-salt and [HB(pz)3)]– in 1:2
molar ratio. After that, the synthesized {FeII[HB(pz)3]2}
and PPh4CN were reacted in 1:3 molar ratio in methanol at
70oC. Later, 30% H2O2 was used to oxidize the metal centre
from Fe(II) to Fe(III). Finally, the pure compound was
isolated as yellow crystalline solid after recrystallizing it in
MeCN/H2O (9:1) mixture [26]. Separately, 3-methylpyrazole (8.3 mg, 0.1 mmol) was added to a methanolic solution
of copper acetate monohydrate (10 mg, 0.05 mmol), and
stirred for 15 min. The solution of [PPh4][FeTpCN3] was
added dropwise to the methanolic solution mixture. The
resulting brown colloidal solution was stirred for 30 min,
filtered, and kept for slow evaporation at room temperature.
Crystals in the form of reddish-brown flakes were collected
after 8 days. Details of characterizing these crystals in terms
of single crystal and spectroscopic investigations will be
published elsewhere. These crystals were characterized to
be [{Fe(Tp)(CN)3}4{Cu(MePz)2}2] after solvent were
found to readily give out of crystallization, as discussed in
the Results and discussion section. This stable desolvated
sample was investigated further for its interesting magnetic
properties.
Thermogravimetric analysis (TGA) was carried out using
a Mettler Toledo TGA/SDTA851 analyzer with a heating
rate of 5 K min-1 under a nitrogen atmosphere ranging from
300 to 575 K, in order to understand the stability of the assynthesized sample. Room temperature powder X-ray
diffraction (PXRD) measurements were carried out on a
PANalytical Empyrean diffractometer at 45 kV and 30 mA,
under Cu-Ka radiation (k = 1.54059 Å). PXRD data analyses were performed using PANalytical X’Pert HighScore
Plus software.

The as-synthesized crystals were investigated by TGA for
their stability, as shown in figure 1. It is clear that the
crystals lose weight almost from the room temperature and
rapidly over the range 315–378 K. The sample is
stable beyond this weight loss of about 8% (probably due to
loss of solvent molecules) till 450 K, beyond which a rapid
and extensive weight loss indicates disintegration of the
sample. Accordingly, the initially obtained crystals were
heated in a Schlenk line under inert Ar atmosphere at 383 K
for 2 h to get thermally stable desolvated sample, which was
used for further investigations. This process of heating
retains the samples in a crystalline state, as evidenced by the
X-ray diffraction pattern of the heated sample, shown in
figure 2.
Detailed comparison of structural and spectroscopic
characterizations of the sample before and after heating
suggests that the basic magnetic unit of the core, i.e.,

Figure 1. Thermogravimetric analysis of as-synthesized crystals
under inert N2 atmosphere.
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Figure 2. PXRD pattern of the desolvated sample at room
temperature.

Fe4Cu2 moiety remains intact after heating. A schematic of
this magnetic unit and possible magnetic interactions are
illustrated in figure 3. Spectroscopic investigations establish
that the strong-field cyanide (CN) ligands along with
poly(pyrazolyl)borate (Tp) ligand coordinates with the Fe3?
ions in an approximately octahedral fashion, driving it to a
low spin t2g5eg0 electronic configuration. This leads Fe3?
into S = 1/2 state along with Cu2? 3d9 configuration in S =
1/2 state; as shall be shown later in the text, these S = 1/2
spin state for both Fe and Cu are borne out by our magnetic
measurements. These spin states and electronic configurations on Fe3? and Cu2? introduce the simultaneous presence of both ferromagnetic Fe3?–Cu2? interactions, shown
by blue dashed lines, and antiferromagnetic Fe3?–Fe3? (red
dotted lines) and Cu2?–Cu2? (green dotted line) interactions within the cluster as well as antiferromagnetic Fe3?–
Fe3? inter-cluster interactions (red dotted lines), as shown
in figure 3, via super-exchange. We have investigated the
consequences of these competing interactions on magnetic
properties of this unusual cluster compound.
The inverse magnetic susceptibility, 1/v, is plotted as a
function of the temperature between 1.9 and 300 K in
figure 4. It clearly shows a linear behaviour over almost the

Figure 3.
moiety.

Schematic of the core magnetic unit of the Fe4Cu2
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Figure 4. Temperature dependence of the inverse susceptibility
measured at 10 kOe in FC mode. The solid line shows the CurieWeiss fit in the temperature range 15–300 K. Inset I shows the
expanded part to illustrate the deviation from the Curie-Weiss fit.
Inset II shows the Curie-Weiss fit in the lower temperature regime.

entire temperature range suggesting a local moment paramagnetic phase for the sample and without any obvious
signature of a magnetic ordering at any temperature till the
lowest measured temperature of 1.9 K. A linear fit to the
experimental data, as shown by the red line superimposed
on the data in the main frame of figure 4, shows that the data
is fitted well by a Curie-Weiss law down to *15 K with a
small positive temperature intercept (hCW) of 3.6 K. These
trends are more clearly illustrated in the inset I. The slope of
this linear fit yields a paramagnetic moment of 1.87 lB per
ion, close to the expected value of 1.73 lB per ion for a
paramagnetic S = 1/2 system. The slightly larger value of
the experimentally determined moment in this case can be
attributed to a Landé g-factor slightly larger than 2 or due to
a finite contribution from the orbital moments. This confirms our expectation of a low-spin Fe3? state in this system. Moreover, it is clear that the magnetic interactions in
this system primarily arise from the Fe3? (t2g5eg0)–Cu2?
(t2g6eg3) ferromagnetic super-exchange interactions, leading
to a positive value for hCW.
We explore the deviation from the Curie-Weiss linear fit
at the lowest temperature region evident in inset I. It
appears that the system once again exhibits a linear Curie–
Weiss like behaviour in v –1 vs. T plot at the lowest temperature regime, as shown in inset II to figure 4. Curiously,
the hCW for this linear fit turns out to be –2.6 K, indicating
primarily an antiferromagnetic interaction as against the
positive hCW at higher temperatures, suggesting ferromagnetic interactions in most of the temperature range. This
intriguing changeover from a higher temperature ferromagnetic interaction dominated behaviour to signatures of
an antiferromagnetically interacting system at the lowest
temperature regime may be understood in the following
terms. The slope of the linear fit to the lowest temperature
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data in inset II yields a paramagnetic moment of 2.64 lB per
ion; this is significantly larger than the expected value of
1.73 lB per ion for a paramagnetic S = 1/2 system. This
suggests that the four low-spin Fe3? and two Cu2? in the
Fe4Cu2 cluster do not behave as six independent spin 1/2
units, but are strongly correlated ferromagnetically to give
rise to an effective moment that is larger. This is reasonable
since this enhanced value of the moment manifests itself
below 3 K, which is smaller than the positive hCW of 3.6 K,
representing the energy scale of the ferromagnetic interaction between Fe and Cu spins within the cluster. However,
the inter-cluster magnetic interactions via Fe3?–Fe3? sites
are antiferromagnetic and thus, the lowest temperature
susceptibility, shown in inset II, exhibits a negative temperature intercept. Thus, one may view the magnetic state of
this system at the lowest temperature as enhanced effective
moments of the intra-cluster ferromagnetically interacting
Fe4Cu2 units with inter-cluster antiferromagnetic
interactions.
We explore the possibility of any ferromagnetic
ordering at the lowest temperature regime by studying the
M–H loop at three temperatures, namely 1.9, 2.5 and
4 K, shown in figure 5. None of the plots shows any
spontaneous magnetization or hysteretic behaviour at any
of these temperatures, eliminating the possibility of any
ferromagnetic ordering. At 1.9 K and 5 T, the magnetization value is 4.24 lB per magnetic cluster; this is lower
than the expected value for four low-spin Fe3? ions (S =
1/2) and two Cu2? ions (S = 1/2). Interestingly, the
magnetization of the sample does not show any saturation
even at an applied magnetic field of 5 T, possibly arising
from the antiferromagnetic interactions between magnetic
clusters. In order to probe the evolution of the magnetic
interactions in detail, we have plotted in figure 6 the
isothermal magnetization plots as a function of the
applied magnetic field at several temperatures between

Figure 5. Field dependence of magnetization at 1.9, 2.5 and 4 K
from –5 to ?5 kOe.
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Figure 6. Field dependence of magnetization at different temperatures where the solid lines indicate the best fits using Brillouin
function model. The inset shows the variation of total angular
momentum (J) with temperature.

1.9 and 100 K. We find that these M vs. H plots are well
described by Brillouin functions for temperatures between 20
and 100 K, as shown by the solid lines through the experimental data points in figure 6. The extracted value of the total
angular momentum, J, from the Brillouin function fittings of
the M–H plots at different temperatures are plotted in the inset
to figure 6, exhibiting values between 0.51 and 0.61, consistent with spin  systems. However, the M–H dependence at
lower temperatures cannot be described by the Brillouin
function any longer, as illustrated for the 10 K data, where the
best-fit theoretical description in terms of a Brillouin function
fails to describe the functional dependence of M on H. The
disagreement between the Brillouin function fit and the
experimental data gets progressively worse for lower temperatures, as illustrated with the example of 4 K data set.
These deviations are attributable to the magnetic interactions
between spins. As, the temperature approaches the temperature scale of those magnetic interactions, the Brillouin function description becomes increasingly inappropriate.
To understand the dynamic behaviour of spins in the
system, low temperature ac susceptibility measurements
were performed on the sample under zero dc field in the
frequency range of 1 to 1500 Hz (figure 7a and b). The real
part of the susceptibility (v0 ) is found to be frequency
independent down to 4 K, but shows a distinct frequencydependent value for lower temperatures (see figure 7a). The
plots in figure 7a suggest that broad peak in v0 vs. T plot
exists at about 2.1 K for 1500 Hz. This peak systematically
shifts to lower temperatures with a decreasing frequency
with the peak moving below the lowest measured temperature of 1.9 K for frequencies below 100 Hz. The frequency
dependency of v0 is obvious in the plot of v0 as a function of
the probe frequency for different temperatures, shown in
figure 7b. Clearly, v0 systematically decreases with
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Figure 7. (a) Temperature dependence of the real part of ac susceptibility from 1.9 to 8 K under zero dc field in
frequency range of 1–1500 Hz. (b) Frequency dependence of the real part of ac susceptibility at different temperatures
from 1.9 to 3 K under zero dc field.

increasing frequency in the temperature range of 1.9–3 K.
These suggest a glassy dynamics of the spins in this system.
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Conclusion

In this study, for the first time, we successfully synthesized
Fe4Cu2 magnetic cluster using the novel building block
approach. The dc magnetic measurements suggest the
presence of ferromagnetic interactions between the low spin
(S = 1/2) Fe (III) and Cu (II) ions. We also find the emergence of a dominant antiferromagnetic interaction at the
lowest temperature regime (1.9–4 K) studied here. This
appears to arise from the inter-cluster interactions, while the
intra-cluster spins appear to be ferromagnetically correlated
in this temperature region. Furthermore, the ac susceptibility reveals the frequency dependence, indicating a glassy
dynamics of the spins in this system, establishing that the
system falls out of equilibrium in the low temperature limit
either due to the existence of competing interactions or due
to the presence of disorder.
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