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The magnetic properties of two metal formate systems with formula , which are isostructural, are described
. These compounds contain two different crystallographic metal centers , in octahedral coordination, which are

connected through (HCOO) bridges, leading to the formation of two types of infinite chains: and
. The packing of these chains, along with hydrogen bonds, generates a 3-D framework. Cu-sample presents an usual

paramagnetic behavior, following Curie law. On the contrary, Co-sample has an order-disorder magnetic transition, further analyzed
by means of magnetization and specific heat. These data lead us to conclude an anisotropic environment for Co ions, as expected for an
octahedral neighborhood. Critical exponents of these thermodynamic quantities around the thermal transition are in accordance with
3-D model. This is a very important remark, since a previous work had shown that the magnetic phase transition is 2-D.

Index Terms—Magnetic materials, magnetic properties, metal formate, structural properties.

I. INTRODUCTION

T HE design and synthesis of new molecular magnets
with exotic magnetic properties have widely attracted

the interest of chemists and physicists in recent years [1], [2].
Zero-dimension (isolated molecule), one-dimension (chains)
and higher-dimension structures (2-D and 3-D), exhibit a
variety of interesting properties, such as magnetic interaction
alternation [3], spin-Peierls transitions [4], Haldane gaps [5],
quantum tunneling of the magnetization and other interesting
phenomena. These materials are promising to be used in several
applications, namely: magnetic recording [6], quantum infor-
mation/computation [7], [8], spintronics [9] and more. In this
sense, the development of new materials and understanding of
their physical properties are of crucial importance.
The magnetic properties of (with

transition metal) arise from a particular arrangement
of magnetic ion (e.g., cobalt, manganese and copper) in the
structure. The disposition of magnetic ions generates a crystal
structure which is schematically shown in Fig. 1, where it is
found that there are two magnetic ions layers (A and B) [10].
Previous studies performed on metal formate systems (with
Mn, Fe and Ni ions) [11], [12] had shown that the ions in the A
layer (100 plane) have antiferromagnetic (AF) long range order
due to an intra-layer interaction; with the formate group acting
as an effective intermediary in the superexchange interaction.
Ions in the B layer (200 plane) behave paramagnetically even
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Fig. 1 A schematic representation of arrangement of magnetic ions (for this
case, cobalt) in the A and B layers [10].

below of the AF 2-D order above mentioned. According
to those papers, the AF transition is only confined in the layer
A, since the interaction between A and B layers is quite weak.
However, Radhakrishna et al. [13, and references therein] had
shown that for manganese formate a three-dimensional AF
order takes place at 3.7 K, and that two-dimensional AF corre-
lations lies in the K K range. The cobalt and
copper formate dihydrate systems have already been studied
[10], [14] and a two-dimensional AF transition was observed
for both compounds.
In order to study the structural and magnetic properties of

two metal formates, we prepared, hydrothermally, two com-
pounds with formula ( ),
Cu(II)), which are isostructural [15], [16]. Our goal is to ex-
amine, in details, the influence of different spins on themagnetic
properties and, by using critical exponents analysis of some
thermodynamic quantities, to understand the character of those
interactions.
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TABLE I
PERTINENT CRYSTALLOGRAPHIC DATA FOR ( , CU(II)) AND COMPARISON WITH THE PUBLISHED DATA [15], [16]

II. EXPERIMENTAL DETAILS

All reagents were purchased from commercial sources
and used without further purification. Synthesis of

: A mixture of
(0.60 g, Panreac, assay (as Cu)(Iodom.)55%), formic acid
(1.22 g, Merck, 98-100% purity), and 15 ml of distilled
water was placed in a 25 ml Teflon-lined stainless steel
autoclave, and the vessel was sealed and heated to 110
for 24 h, followed by slowly cooling to room temperature.
The resulting light blue plated shape crystals were obtained.
Synthesis of : The synthesis of the
cobalt formate was similar to that of copper formate using
instead (0.019 g, Carlo Erba,
assay Co), as cobalt source. The resulting light
pink plated shape crystals were obtained.

A. Single Crystal X-ray Diffraction

The X-ray data were collected on a CCD Bruker APEX II at
150(2) K using graphite monochromatized - radiation
( ). The crystals of copper and cobalt formate
compounds were positioned at 35 mm from the CCD and the
spots were measured using a counting time of 10 s for copper
sample and 30 s for cobalt sample. Data reduction including
a multi-scan absorption correction were carried out using the
SAINT-NT from Bruker AXS. The structure was refined using
full-matrix least squares in SHELXL-97. The C-H and O-H
were located from final difference Fourier maps. Anisotropic
thermal parameters were used for all non-hydrogen atoms,
which were refined with isotropic thermal parameters. The final
R values obtained for copper and cobalt samples together with
pertinent crystallographic data are summarized in the Table I,
and they are comparable with those reported earlier [15], [16].
Molecular diagrams were drawn with PLATON.

B. Thermodynamic Measurements

The ac magnetic susceptibility was measured from room
temperature down to 2 K using a PPMS (Physical Properties
Measurement System - Quantum Design). The magnitude and

frequency of the ac magnetic field used to measure the small
amount of crystals (5–15 mg) were 10 Oe and 100 Hz, respec-
tively. A home-made extractionmagnetometer was used tomea-
sure magnetization hysteresis loops above (10 K) and slightly
below (5 K) the transition temperature, by varying the applied
magnetic field in the range of T. The -dependence
( K) of the low magnetic field ( mT)
dc magnetic susceptibility , was measured by the ex-
traction magnetometry. The temperature dependence of the spe-
cific heat was also measured using the PPMS. In order to
improve the thermal contact within the sample a pellet with ap-
proximately 2 mm of diameter and 3.0 mg of mass was made by
slightly pressuring the sample. The pellet was then attached to
the calorimeter using a small amount (0.4 mg) of N-grease. The
addenda (N-grease plus calorimeter) heat capacity was carefully
subtracted from the total heat capacity to yield the heat capacity
of the sample [17]. It is important to stress that the sample is con-
stituted of small single crystals. However, for thermodynamic
measurements, we needed a collection of these crystals and,
therefore, for these purpose (magnetization and specific heat),
the sample is a powder.

III. CRYSTAL STRUCTURE

As we mentioned above, the crystal structure of
, with and Co(II), were

already published [15], [16]. Therefore, here only a brief
description of both structures is present in order to support the
understanding of the magnetic results. The asymmetric unit
of metal formate complexes is composed of two independent

ions, both located on an inversion crystallographic center
with occupancy factor of 0.5, and two formate ions
and two water molecules with entire occupancies, which is
consistent with molecular formula .
Selected distances in the metal coordination sphere are
given in Table II. The two independent metal centers are
six coordinated exhibiting distorted octahedral coordination
environments (Fig. 3). The cobalt metal centers exhibit lesser
distorted octahedral coordination environments than copper
metal, as indicated by the Co-O distances given in Table II.
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Fig. 2 (a) 2-D layer structure of M(1) ions; b) 1-D chain of M(1)-formate-M(2) ions; c) 3-D structure of ( and Cu(II))
compounds along direction.

Fig. 3 Octahedral coordination environment of the M(1) and M(2) sites in the
metal formate compounds ( and Cu(II)).
denotes the symmetry operation [- , - , - ], while means [ - , - , - ].

TABLE II
SELECTED BOND LENGTHS ( ) IN THE METAL COORDINATION SPHERE OF

( AND CU(II)) COMPOUNDS AND
COMPARISON WITH THE PUBLISHED DATA [15], [16]

For both compounds, the M-O distances compare well with
those reported earlier [15], [16]. The two metal octahedra are
bridged via formate ions originating two different infinite
chains. One of this chains is built from the infinite linkage of
-M(1)-formate-M(1)-formate-M(1)-, with M(1)-M(1) distance
of and for Co and Cu, respectively. The

M(1) ions of adjacent chains are further connected to another
1-D chain along the perpendicular direction originating a 2-D
layer in the bc plane (Fig. 2(a)), which are the magnetic A
layers cited previously in Fig. 1. A second 1-D chain is formed
by M(1)-formate-M(2)-formate-M(1)-formate-M(2)-, with
M(1)-M(2) distance of and for Co and Cu,
respectively (Fig. 2(b)). This 1-D chain is perpendicular to the
2-D layer, leading to the formation of 3-D network structure
(Fig. 2(c)). It is interesting to note that the distance M(1)-M(2)
gives, indirectly, the distance between A and B layers (Fig. 1),
which is smaller than distance M(1)-M(1) (distance between
ions in the A layer). In spite of this, as discussed above,
the A intra-layer magnetic interaction is stronger than A-B
inter-layer.
The cell parameters and the atom coordinate values obtained

for the Co and Cu formate solids prepared in our laboratory are
comparable with those reported earlier [15], [16].

IV. RESULTS AND DISCUSSION

Both samples have the same structure and therefore the
minor differences found on the magnetic behavior came from
the spin of the transition metal . We measured both, real
and imaginary susceptibilities and found a purely paramag-
netic behavior for Cu-sample, without dissipation contribution
(signature of a true paramagnetic material). On the contrary,
Co-sample has both, dissipation and absorption components,
with a quite well defined transition temperature (5.4 K). These
first results clearly show that Co ions are turning on a collective
magnetic order (long range character), below this transition.
Fig. 4 shows these results.
From the same results (AC susceptibility), it is possible to

evaluate the modulus and then its inverse
. For the Cu-sample, we found, as expected, a true para-

magnetic character, from high temperature down to the lowest
measured. From this behavior, we could fit a straight line to
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Fig. 4 AC magnetic susceptibility (100 Hz) for both, (above) Co- and (below)
Cu-samples.

the data and found the paramagnetic effective moment
, while the predicted to is

(1)

considering and . This deviation can be an
evidence that a fraction of the Cu ions does not contribute to
the total magnetic moment. In our calculation we assumed that
all the Cu ions were magnetic, while some of them may be at
defect positions. In addition to , the paramagnetic Curie
temperature was obtained: K.
In what concerns Co-sample, the inverse magnetic suscepti-

bility presents a strong deviation from the Curie law, in contrast
to the Cu-sample. Since the samples are isostructural, the dia-
magnetic contribution (temperature independent), is the same
for both samples and then it is not the reason for this deviation.
Thus, the explanation is a van Vleck temperature independent
paramagnetic contribution, that arises from the coupling of the
populated level with the excited levels through the Zeeman

perturbation, obtained via van Vleck formula [18]. In order
to eliminate this temperature independent paramagnetic (TIP)
contribution, we dealt with . After this proce-
dure, we found a good straight line, with
and - K. The magnitude of TIP contribution is
of the order of - and is commonly found in
compounds with ions in octahedral environment. Fig. 5
clarifies these comments. The paramagnetic effective moment

Fig. 5 Inverse magnetic susceptibility for Cu- and Co-sample. Inset:
in order to eliminate any temperature independent magnetic

contribution (for Co-sample).

Fig. 6 Zero field cooled (ZFC) and field cooled (FC) magnetic susceptibility
for Co-sample. Inset: High field magnetization to show the lost of the thermal
irreversibility.

is quite close to the theoretical atomic one: 3.87 , for
. The small deviation of the measured

and the theoretical one (0.31 ) is comparable to the
one (0.42 )observed for the Cu sample. The negative value
of is an indicative of an antiferromagnetic arrangement
between Co ions. The low values (for both samples), of ,
is in agreement with syn-anti conformation (see Fig. 3 and
reference [8]).
In order to extend our understanding on the magnetic proper-

ties of Co-sample, we go further andmeasured some other quan-
tities, namely magnetization and specific heat. A small thermal
hysteresis was observed while measuring zero-field cooled and
field cooled magnetization under low magnetic field, as seen
at the main picture of Fig. 6. It is important to stress that this
hysteresis vanishes for higher values of applied magnetic field
(10 kOe—see inset of that figure). We can understand this re-
sult from the M(H) curve: note that the sample is in a magnetic
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Fig. 7 Magnetization above and below the critical temperature (5.0 K), for
Co-sample. Main figure: 5 K. Right inset: details of the main figure around zero
field. Left inset: 10 K.

Fig. 8 Specific heat for Co-sample. Inset: details around the transition.

hysteretic regime at low value of magnetic field, while it is not
for higher values (see Fig. 7).
Magnetization as a function of magnetic field (Fig. 7),

presents a linear behavior above 5.0 K, due to the paramagnetic
behavior; while below this critical temperature we found a
well defined hysteresis loop and linear tendency out of this
loop, as an indicative of the antiferromagnetic character. This
behavior can be a signature of a spin canting of Co ions; the
ferromagnetic component provides the hysteresis, while the
antiferromagnetic component provides the linear background.
This kind of behavior is found in anisotropic systems, with
anti-symmetric-like interactions.
Finally, specific heat measurements (Fig. 8) present an evi-

dent Debye behavior (main figure) with a lambda-like transition
around the critical temperature (bottom inset).
Considering a reduced temperature.

(2)

Fig. 9 Logarithm of the (a) specific heat, (b) AC magnetic susceptibility and
(c) ZFCmagnetization as a function of the logarithm of the reduced temperature
(equation 2), to obtain the critical exponents , and , respectively.

TABLE III
EXPERIMENTAL AND THEORETICAL CRITICAL EXPONENTS FOR SOME

THERMODYNAMIC QUANTITIES. MFT - MEAN FIELD THEORY; I2D - ISING 2D;
H3D - HEISENBERG 3D; I3D - ISING 3D

we proceed an analysis based on the critical exponents of those
thermodynamic quantities [6], [19]:

(3)

(4)

(5)

as shown in Fig. 9. Analysis was performed to three quanti-
ties slightly below the transition temperature and the results are
summarized on Table III, where it is also possible to find the
predicted critical exponents of some theoretical models. From
this comparison, we can argue that this material follows a 3-D
model, as suggested in our structural analysis. The octahedral
environment of Co ions suggests an anisotropic character and
indeed we found this signature on curves. The critical
exponents point towards a 3-D character below the transition,
but it is difficult determine, only from these values, between
H3D (Heisenberg 3D) and I3D (Ising 3D—highly anisotropic).
However, the previous discussion of the hysteresis clarifies this
anisotropic tendency of those ions.

V. CONCLUSION

In summary, two molecular compounds, namely,
( , Cu), were prepared

and their thermodynamic quantities were investigated by
means of magnetization, magnetic susceptibility and heat
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capacity measurements. The material with Cu was found to
be paramagnetic in the range of investigated temperatures
in the present work. However, a rather sharp magnetic phase
transition below 5.0 K was observed in the isostructural
Co-based material. The overall magnetic behavior was found
to be consist with the proposed atomic structure and the critical
exponents associated to the phase transition indicated that the
magnetic phase transition is 3-D and anisotropic in character.
This is a very important remark, since a previous study [14] had
shown that the magnetic phase transition is 2-D. We found that
the three-dimensional AF arrangement takes place at higher
temperature than that one observed for Mn formate [13]. The
reason is that the exchange parameter between A and B layers
for Co formate is twice larger than for Mn formate [14].
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