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Heat capacities of the two-dimensional metal-assembled complex, K[{Mn (3-MeOsalen)}2Fe (CN)6] [3-MeOsalen =N,N-ethylenebis(3
ethoxysalicylideneaminato) dianion], were measured at the temperatures from 0.5 to 300 K by adiabatic calorimetry. An antiferr
hase transition was observed atTN = 8.29 K. AboveTN, a heat capacity tail arising from the short-range-order effect of the spin
ound, which is characteristic of two-dimensional magnets. The magnetic enthalpy and entropy were evaluated to be�H= 373 J mol−1 and
S= 31.3 J K−1 mol−1, respectively. The experimental magnetic entropy is in good agreement with�S=R ln (5× 5× 2) (=32.5 J K−1 mol−1;
being the gas constant), which is expected for the metal complex with two Mn(III) ions in high spin state (spin quantum numS= 2)

nd one Fe(III) ion in low spin state (S= 1/2). The spin wave analysis suggests that the complex shows three-dimensional antiferrom
rder belowTN. The heat capacity tail aboveTN was decreased by grinding and pressurizing the crystal. This mechanochemical effec
riginate in the increase of lattice defects and imperfections in the crystal lattice, leading to decrease of the magnetic heat capacit

he magnetic enthalpy and entropy.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Research and development on molecular magnetism have
een advancing in the last decade[1–7]. Particularly, new

ypes of metal complexes formed by assembling some kinds
f metal complexes in a higher-order structure, the so-called
metal-assembled complexes”, have been attracting many re-
earchers, because they may have the possibilities of forma-
ion of specific spatial, electronic, and magnetic structures,
hich are hardly realized in classical organic, inorganic, and
etal complex systems.
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Metal-assembled complexes of the type of Xk[A(L)] l
[B(CN)6]m·nS (X: monovalent nonmagnetic ion; A, B:
or trivalent transition metal ions; L: organic ligand; S: s
vate molecule;k, l, m,n: numbers of stoichiometry) can for
various network structures depending on A, B, and L. B
on this strategy, many complexes have so far been synthe
and investigated[8–11].

The present metal-assembled complex, K+[{MnIII (3-
MeOsalen)2−}2FeIII (CN−)6] [3-MeOsalen =N,N′-ethylen-
ebis(3-methoxysalicylideneaminato) dianion, abbreviate
MnFe-mos; Fig. 1(a)], has been synthesized by re
ing [Mn(3-MeOsalen)(H2O)]ClO4 and K3[Fe(CN)6] [8,9].
This complex contains two high-spin trivalent Mn io
(spin quantum numberS= 2) and one low-spin trivale
Fe ion (S= 1/2) per formula unit. X-ray structural analy

040-6031/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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Fig. 1. (a) Molecular structure of 3-MeOsalen. (b) Schematic drawing of
two-dimensional assembly of [Mn(3-MeOsalen)]+ and [Fe(CN)6]3− in the
MnFe-mos crystal, where [Mn(3-MeOsalen)]+ is simply expressed by Mn.

of K[{Mn(3-MeOsalen)}2Fe(CN)6]·2DMF (DMF =N,N-
dimethylformamide) crystal[8,9] revealed that this complex
is crystallized in monoclinic system with the space group
P21/c and forms a two-dimensional network structure con-
sisting of 2:1 of [Mn(3-MeOsalen)]+ and [Fe(CN)6]3− as
illustrated inFig. 1(b). Magnetic susceptibility measurement
of a powder MnFe-mos sample[8,9] revealed that there is
a ferromagnetic interaction through the Fe–CN–Mn bridge
evidenced by a positive Weiss constantΘ = +6.8 K. In field-
cooled magnetization (FCM) measurement[9], magnetiza-
tions of both powder and crystalline MnFe-mos samples show
sharp peaks at 9.2 K under 100 Oe of magnetic field, while
those determined under 300 Oe have no peaks and remain
constant after the abrupt increment at ca. 9 K, suggesting
metamagnetism below the antiferromagnetic phase transition
TN = 9.2 K.

Heat capacity measurement is a powerful tool to-
gether with magnetic measurement for elucidation of mag-
netic properties of substances[12–16]. Especially, adiabatic
calorimetry enables us to get information about precise mag-
netic phase transition temperature, heat capacity, and entropy
Moreover, analyses of magnetic heat capacity and entropy
provide us with the insight into the mechanism of magnetic
ordering. In the present study, we carried out heat capacity
measurement on the MnFe-mos polycrystals to investigate its
magnetic properties in detail.
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6–300 K by a low-temperature adiabatic calorimeter for small
samples (microcalorimeter)[17] and 0.5–20 K by a very-low-
temperature adiabatic calorimeter workable with a3He/4He
dilution refrigerator (dilution calorimeter)[18]. For the mea-
surement with the microcalorimeter, 0.80917 g of the sam-
ple (designated as “sample A” hereafter) was loaded into a
gold-plated copper cell under helium gas at 1 atm and sealed
with a thin indium wire. The helium gas sealed in the cell
serves as a heat exchange medium. The sample used for the
dilution calorimeter was ground and pressed to ca. 1 MPa
to form 1.42260 g of a pellet with 2 cm in diameter (“sam-
ple B”). This pellet was put into a gold-plated copper holder
without any heat exchange media. Since remarkable disagree-
ment between the heat capacity data for the samples A and
B was found, we remeasured heat capacities by use of the
microcalorimeter for 1.25044 g of the sample prepared by
crashing the pellet (“sample C”). Buoyancy correction for the
mass of sample was made by use of the density of K[{Mn(3-
MeOsalen)}2Fe(CN)6]·2DMF, 1.475 g cm−3 [8,9].

3. Results and discussion

Molar heat capacitiesCp of the MnFe-mos crystal deter-
mined for three different samples A, B, and C are plotted
against temperatureT in Fig. 2. The heat capacity of the vir-
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. Experimental

Polycrystalline sample of MnFe-mos was synthesize
ording to the method described previously[8,9]. Two types
f adiabatic calorimeters were employed to carry out the
apacity measurements according to the temperature re
.

inal sample A determined by the microcalorimeter ex
ted a heat capacity peak due to the antiferromagnetic p
ransition atTN = 8.29 K. This transition temperature agr
ather well withTN = 9.2 K determined by the magnetic m
urements[8,9]. AboveTN, a heat capacity tail was observ
rising from the short-range-order effect of the spins w

s characteristic of low-dimensional magnetic materials.
eat capacity of the pellet sample B determined by the

ion calorimeter also exhibited the antiferromagnetic p
ransition and the short-range-order effect at almost the
emperatures as those of the sample A. However, the
etic thermal anomaly slightly diminished as a whole. If

akes into account the fact that the sample B was prepar
pellet by pressuring the powder sample A, it is very lik

hat this type of discrepancy found in the temperature de
ence of heat capacity may be caused by a mechanoche
ffect often encountered in soft materials. Below 1 K,
eat capacity showed a slight upturn which would origi

rom a small amount of paramagnetic impurities in the s
le. In theCp data of the pellet-crashed sample C remeas
y the microcalorimeter, the thermal anomalies were lar
ecovered but still smaller than those of the sample A.

To separate the magnetic heat capacitiesCmag of these
amples from the observed values, we determined the l
eat capacity. When a magnetic phase transition occurs

emperatures, the heat capacity far above the magnetic
ransition temperature is often approximated by the follow
quation:

p = c3T
3 + c5T

5 + c7T
7 + c−2T

−2, (1)
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Fig. 2. Molar heat capacities of the MnFe-mos crystals: (a) in the whole
experimental temperature region and (b) in the vicinity of the antiferromag-
netic phase transition. (©): sample A; (�): sample B; and (�): sample C.
Solid curve indicates the lattice heat capacity for the sample A.

where the first three terms represent lattice heat capacity
and the last term corresponds to a contribution from the
short-range-order effect of the spin alignment[19]. We tried
to fit the Cp data of the sample A alone between 12 and
20 K to Eq.(1), because the samples B and C exhibited the
mechanochemical effect and thus their heat capacities were
not appropriate for determination of the lattice heat capacity.
On the other hand, since it seemed to be unlikely that soft
grinding and pressing of the sample with as low pressure as
1 MPa would bring about a large change in the lattice vibra-
tions, we approximated the lattice heat capacities of the sam-
ples B and C by the values for the sample A. The obtained pa-
rameters are as follows:c3 = 2.41× 10−2 J K−4 mol−1, c5 =
−7.02× 10−5 J K−6 mol−1, c7 = 7.15× 10−8 J K−8 mol−1,
andc−2 = 2.29× 103 J K mol−1.

The magnetic heat capacities for the samples A, B, and
C derived by subtraction of the lattice heat capacities from
the total heat capacities are plotted inFig. 3. The heat ca-
pacity anomaly aboveTN is clearly observed. This anomaly
can be regarded as the short-range-order effect for the two-
dimensional magnetic system from its shape and the struc-
tural analysis[8,9].

The magnetic enthalpy and entropy gains for the sam-
ples A, B, and C were evaluated by integration of the mag-

Fig. 3. Magnetic heat capacities of the MnFe-mos crystals. (©): sample A;
(�): sample B; and (�): sample C. (a) Solid curve shows the heat capacity
derived from the spin wave theory for three-dimensional antiferromagnets.
Dashed curve indicates the heat capacity calculated by Eq.(3). (b) Solid
curve represents the theoretical heat capacity for theS= 3/2 two-dimensional
ferromagnetic Heisenberg model of square lattice withJ/kB = 1.6 K. Dashed
and dotted curves show the extrapolation up to infinite temperature byT −2

term for the samples B and C, respectively.

netic heat capacities with respect toT and ln T, respec-
tively, where the magnetic heat capacities of the sample
B at very low temperatures were commonly used as those
for the samples A and C. Extrapolation down to 0 K was
performed by use of Eq.(3), which is described later. On
the other hand, extrapolation up to infinite temperature was
done by use of theT−2 term in Eq. (1), where the co-
efficients of theT−2 term for the samples B and C were
determined by fitting theCmag data between 13 and 20 K
as being 8.76× 102 J K mol−1 and 1.87× 103 J K mol−1, re-
spectively [see the dashed and dotted curves inFig. 3(b)].
The magnetic enthalpies and entropies thus derived were
�H= 373 J mol−1 and�S= 31.3 J K−1 mol−1 for the sam-
ple A, �H= 222 J mol−1 and�S= 23.0 J K−1 mol−1 for the
sample B, and�H= 323 J mol−1 and�S= 28.2 J K−1 mol−1

for the sample C.
Since the MnFe-mos complex has two Mn(III) ions with

S= 2 and one Fe(III) ion withS= 1/2 per formula unit, the
magnetic entropy expected for such a spin system is�S=R
ln (5× 5× 2) (=32.5 J K−1 mol−1). The experimental
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magnetic entropy of the sample A agrees well with the ex-
pected value. This fact suggests that the Mn(III) and Fe(III)
ions in the MnFe-mos complex are in the high- and low-spin
states, respectively. The experimental magnetic entropy for
the sample B is extremely small in comparison with that of the
sample A, whereas the entropy gain of the sample C is largely
recovered. It is of interest to note here that the magnetic en-
tropy of the sample B is rather close to the value in the case of
the low-spin Mn(III),R ln (3× 3× 2) (=24.0 J K−1 mol−1).
However, it is very unlikely that such a drastic change from
the high- to the low-spin state is caused by soft grinding
and pressing of the sample under a low pressure such as
1 MPa. The most plausible possibility is that enhanced lattice
defects and imperfections in the crystal lattice produced by
the mechanochemical effect would lead to an incomplete
magnetic phase transition and consequently a part of the
paramagnetic species characteristic of the high-temperature
phase would remain as the so-called residual paramagnetism
even below the magnetic transition temperature. The former
brings about a decrease of the magnetic enthalpy and entropy
gained at the phase transition, while the latter would cause an
additional phase transition due to the magnetic ordering of the
residual paramagnetic species at extremely low temperatures
as far as the third law of thermodynamics is fulfilled. In fact,
the upturn of the heat capacity of the sample B encountered
below 1 K [seeFig. 2(a)] seems to suggest the existence of
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tion temperatures[27–30]. The present case shows a similar
tendency.

Finally, we shall discuss about the magnetic heat capac-
ities at very low temperatures. Heat capacities of magnetic
materials at very low temperatures generally obey the spin
wave theory[12]:

Cmag ∝ T d/n, (2)

wheredstands for the dimensionality of magnetic lattice and
n is defined as the exponent in the dispersion relation:n= 1 for
antiferromagnets andn= 2 for ferromagnets. BelowTN, the
Cmagdata of the sample B are proportional toT3 (the propor-
tional coefficient: 7.50× 10−2 J K−4 mol−1) in the 4.4–6 K
temperature region. This suggests that the MnFe-mos crys-
tal orders in a three-dimensional antiferromagnetic state be-
low TN. The estimated spin wave heat capacity is shown in
Fig. 3(a) by a solid curve.

Below 4.4 K, however, the magnetic heat capacities of the
sample B decreased rapidly. This suggests the existence of
a large magnetic anisotropy of the Mn(III) ions, because the
high spin Mn(III) ion in an octahedral ligand-field symmetry
is characterized by the orbital-degenerated5E2g. We tried to
fit the Cmag data of the sample B from 3 to 6 K to the fol-
lowing equation describing the spin wave contribution under
anisotropy[31]:
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uch an additional phase transition. Such a mechanoc
cal effect was observed in the spin-crossover com
FeIII (3MeOsalenEt)2]PF6 [16,20–23]. Although the prese
omplex is not a spin-crossover complex, the mecha
or the decrease of the magnetic heat capacity, enthalpy
ntropy would be quite similar to that of the spin-crosso
omplex.

We tried to fit the magnetic heat capacities of the samp
boveTN to two-dimensional magnetic models. As descri

n the introduction, the previous magnetic study[9] revealed
hat the present complex is a metamagnet, sugge
hat the complex consists of ferromagnetic layers and
nterlayer interactions are antiferromagnetic. Since the a

agnetic system of the present complex is too complic
o analyze, we approximated the actual layer by anS= 3/2
wo-dimensional ferromagnetic Heisenberg system, w
= 3/2 is an averaged spin quantum number of twoS= 2
pins and oneS= 1/2 spin. TheCmag data of the sample
etween 11 and 20 K was fitted to anS= 3/2 two-dimensiona

erromagnetic Heisenberg model of square lattice[24–26].
he best fitting was obtained for the exchange intera
/kB = 1.6 K (kB: the Boltzmann constant) as shown by a s
urve inFig. 3(b). The derivedJ value is considerably sma
n comparison withTN = 8.29 K. This might be caused
he assumption that the rather complicated actual mag
ystem was approximated by a simple square lattice
isting of homogeneous spins. In some magnets amon
tudies, on the other hand, theJvalues obtained by fitting th
heoretical models to the magnetic heat capacity tails a
he magnetic phase transitions were smaller than the tr
mag = aT−2e−(�E/kBT ), (3)

here�E stands for the energy gap between the ground
he first exited energy levels. The best fit was obtained
= 2.71× 104 J K mol−1 and�E/kB = 23.6 K. The fitting re
ult is displayed inFig. 3(a) by a dashed curve.

As found in other metal-assembled complexes[27,28],
iny thermal anomaly observed for the present complex
ow 1 K is perhaps due to the presence of a small am
f imperfect ferromagnetic sheets which occurred during
ample synthesis, grinding, and pressing. This anomaly m
ontain the contribution due to the hyperfine interactio
he Mn nuclei[32].

. Conclusions

Heat capacity measurements of the two-dimensi
etal-assembled complex, K[{MnIII (3-MeOsalen)}2FeIII

CN)6], were carried out in the temperature range betw
.5 and 300 K by adiabatic calorimetry. A heat capacity p
ue to an antiferromagnetic phase transition was observ
N = 8.29 K, above which a large heat capacity tail due to
hort-range-order effect of the spins characteristic of
imensional magnetic substances was found. This the
nomaly can be expressed by theS= 3/2 two-dimensiona

erromagnetic Heisenberg model of square lattice
/kB = 1.6 K. This fact supports that the complex posse
two-dimensional ferromagnetic structure. The enth

nd entropy gains due to the magnetic phase tran
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were�H= 373 J mol−1 and�S= 31.3 J K−1 mol−1, respec-
tively. The value of the magnetic entropy coincides with the
expected value�S=Rln (5× 5× 2) (=32.5 J K−1 mol−1) for
the spin system with twoS= 2 spins and oneS= 1/2 spin.
Spin wave analysis of the magnetic heat capacity at low tem-
peratures suggests that the complex is in three-dimensional
antiferromagnetic state belowTN.

When the crystal of the complex was ground and pressed,
the heat capacity around the magnetic phase transition was
decreased. This mechanochemical effect would suppress the
magnetic phase transition, leading to the decrease of the
magnetic heat capacity, enthalpy, and entropy. This phe-
nomenon was also found in the analogous complex (NEt4)
[{MnIII (salen)}2FeIII (CN)6] [Et: ethyl, salen:N,N′-ethylene-
bis(salicylideneaminato) dianion]. The calorimetric results of
this complex will be reported elsewhere.
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