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Abstract

Heat capacities of the two-dimensional metal-assembled compl€dii[ (3-MeOsalen)}Fe" (CN)s] [3-MeOsalen =N,N-ethylenebis(3-
methoxysalicylideneaminato) dianion], were measured at the temperatures from 0.5 to 300 K by adiabatic calorimetry. An antiferromagnetic
phase transition was observedTat=8.29 K. AboveTy, a heat capacity tail arising from the short-range-order effect of the spins was
found, which is characteristic of two-dimensional magnets. The magnetic enthalpy and entropy were evaluated +8E&8 J mot* and
AS=31.3JK!mol}, respectively. The experimental magnetic entropy is in good agreemenABi#R In (5 x 5 x 2) (=32.5 K mol?;

R being the gas constant), which is expected for the metal complex with two Mn(lll) ions in high spin state (spin quantumSwi®)ber

and one Fe(lll) ion in low spin state €581/2). The spin wave analysis suggests that the complex shows three-dimensional antiferromagnetic
order belowTy. The heat capacity tail abovig, was decreased by grinding and pressurizing the crystal. This mechanochemical effect would
originate in the increase of lattice defects and imperfections in the crystal lattice, leading to decrease of the magnetic heat capacity and hence
the magnetic enthalpy and entropy.

© 2005 Elsevier B.V. All rights reserved.
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1. Introduction Metal-assembled complexes of the type of[A(L)]

[B(CN)g]m-nS (X: monovalent nonmagnetic ion; A, B: di-
Research and development on molecular magnetism haveor trivalent transition metal ions; L: organic ligand; S: sol-

been advancing in the last decgde7]. Particularly, new  vate moleculek, |, m,n: numbers of stoichiometry) can form

types of metal complexes formed by assembling some kindsvarious network structures depending on A, B, and L. Based

of metal complexes in a higher-order structure, the so-called on this strategy, many complexes have so far been synthesized

“metal-assembled complexes”, have been attracting many re-and investigatefB—11].

searchers, because they may have the possibilities of forma- The present metal-assembled complex;[{kin"! (3-

tion of specific spatial, electronic, and magnetic structures, MeOsalerd~}Fe!' (CN™)e] [3-MeOsalen N,N -ethylen-

which are hardly realized in classical organic, inorganic, and ebis(3-methoxysalicylideneaminato) dianion, abbreviated as

metal complex systems. MnFe-mos; Fig. 1(a)], has been synthesized by react-
ing [Mn(3-MeOsalen)(HO)]CIO4 and Kg[Fe(CN)] [8,9].

* No. 89 from the Research Center for Molecular Thermodynamics. This complex contains two high-spin trivalent Mn ions
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OCH;  H;C 6—300 K by a low-temperature adiabatic calorimeter for small
samples (microcalorimete) 7] and 0.5-20 K by a very-low-
temperature adiabatic calorimeter workable wittHe/*He
dilution refrigerator (dilution calorimetef)8]. 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 2cm in diameter (“sam-
ple B”). This pellet was put into a gold-plated copper holder
withoutany 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)}Fe(CN)]-2DMF, 1.475g cnm® [8,9].
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Fig. 1. (a) Molecular structure of 3-MeOsalen. (b) Schematic drawing of
two-dimensional assembly of [Mn(3-MeOsalehjind [Fe(CN3]3~ in the
MnFe-mos crystal, where [Mn(3-MeOsaleh)$ simply expressed by Mn.

3. Results and discussion
of K[{Mn(3-MeOsalen)bFe(CN}]-2DMF (DMF=N,N-
dimethylformamide) crystdB,9] revealed that this complex Molar heat capacitie€, of the MnFe-mos crystal deter-
is crystallized in monoclinic system with the space group mined for three different samples A, B, and C are plotted
P2;/c and forms a two-dimensional network structure con- against temperaturBin Fig. 2. The heat capacity of the vir-
sisting of 2:1 of [Mn(3-MeOsalen’]and [Fe(CN}]3~ as ginal sample A determined by the microcalorimeter exhib-
illustrated inFig. 1(b). Magnetic susceptibility measurement ited a heat capacity peak due to the antiferromagnetic phase
of a powder MnFe-mos samp|8,9] revealed that there is  transition atTy =8.29 K. This transition temperature agrees
a ferromagnetic interaction through the Fe—CN-Mn bridge rather well withTy = 9.2 K determined by the magnetic mea-
evidenced by a positive Weiss constant +6.8 K. In field- surement§8,9]. AboveTy, a heat capacity tail was observed
cooled magnetization (FCM) measurem§gdit magnetiza-  arising from the short-range-order effect of the spins which
tions of both powder and crystalline MnFe-mos samples show is characteristic of low-dimensional magnetic materials. The
sharp peaks at 9.2 K under 100 Oe of magnetic field, while heat capacity of the pellet sample B determined by the dilu-
those determined under 300 Oe have no peaks and remainion calorimeter also exhibited the antiferromagnetic phase
constant after the abrupt increment at ca. 9K, suggestingtransition and the short-range-order effect at almost the same
metamagnetism below the antiferromagnetic phase transitiontemperatures as those of the sample A. However, the mag-
Tn=9.2K. netic thermal anomaly slightly diminished as a whole. If one

Heat capacity measurement is a powerful tool to- takes into accountthe fact that the sample B was prepared as
gether with magnetic measurement for elucidation of mag- a pellet by pressuring the powder sample A, it is very likely
netic properties of substanc—16]. Especially, adiabatic  that this type of discrepancy found in the temperature depen-
calorimetry enables us to get information about precise mag-dence of heat capacity may be caused by a mechanochemical
netic phase transition temperature, heat capacity, and entropyeffect often encountered in soft materials. Below 1K, the
Moreover, analyses of magnetic heat capacity and entropyheat capacity showed a slight upturn which would originate
provide us with the insight into the mechanism of magnetic from a small amount of paramagnetic impurities in the sam-
ordering. In the present study, we carried out heat capacityple. In theC, data of the pellet-crashed sample C remeasured
measurement on the MnFe-mos polycrystals to investigate itsby the microcalorimeter, the thermal anomalies were largely
magnetic properties in detail. recovered but still smaller than those of the sample A.
To separate the magnetic heat capaciGgsg of these

samples from the observed values, we determined the lattice
2. Experimental heat capacity. When a magnetic phase transition occurs at low

temperatures, the heat capacity far above the magnetic phase

Polycrystalline sample of MnFe-mos was synthesized ac- transition temperature is often approximated by the following

cording to the method described previoufdy9]. Two types equation:
of adiabatic calorimeters were employed to carry out the heat . _2
capacity measurements according to the temperature regionCp = ¢3T° + ¢sT° + 77" + c_oT 2, )
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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- Fig. 3. Magnetic heat capacities of the MnFe-mos crystalg: éample A;

netic phase transition. (O): sample A; (0): sample B; and (a): sample C. (0J): sample B; and (4): sample C. (a) Solid curve shows the heat capacity

Solid curve indicates the lattice heat capacity for the sample A. derived from the spin wave theory for three-dimensional antiferromagnets.
Dashed curve indicates the heat capacity calculated by(Fq(b) Solid
curve represents the theoretical heat capacity fasth®/2 two-dimensional

where the first three terms represent lattice heat capacityferromagnetic Heisenberg model of square lattice ik = 1.6 K. Dashed

and the last term corresponds to a contribution from the and dotted curves show the extrapolat?on up to infinite temperatu"r’erBy

short-range-order effect of the spin alignmga]. We tried ™ for the samples Band C, respectively.

to fit the C, data of the sample A alone between 12 and

20K to Eq.(1), because the samples B and C exhibited the netic heat capacities with respect Toand In T, respec-

mechanochemical effect and thus their heat capacities wereively, where the magnetic heat capacities of the sample

not appropriate for determination of the lattice heat capacity. B at very low temperatures were commonly used as those

On the other hand, since it seemed to be unlikely that soft for the samples A and C. Extrapolation down to 0K was

grinding and pressing of the sample with as low pressure asperformed by use of E(3), which is described later. On

1 MPa would bring about a large change in the lattice vibra- the other hand, extrapolation up to infinite temperature was

tions, we approximated the lattice heat capacities of the sam-done by use of thel=2 term in Eq. (1), where the co-

ples B and C by the values for the sample A. The obtained pa-efficients of theT~2 term for the samples B and C were

rameters are as followsz =2.41x 10 2JK4mol1, c5= determined by fitting theCmag data between 13 and 20K
—7.02x10°5JK%mol1, ¢;=7.15x 108K 8mol1, as being 8.76 107 JK mol~t and 1.87x 103 JK mol~1, re-
andc_»=2.29x 10° JK mol, spectively [see the dashed and dotted curveBign 3(b)].

The magnetic heat capacities for the samples A, B, and The magnetic enthalpies and entropies thus derived were
C derived by subtraction of the lattice heat capacities from AH=373Jmot! and AS=31.3JK 1 mol~! for the sam-
the total heat capacities are plottedFiy. 3. The heat ca-  ple A, AH=222Jmot?! andAS=23.0J K1 mol~ for the
pacity anomaly abov&y is clearly observed. This anomaly sample B, and\H =323 Jmot! andAS=28.2 JK 1 mol—!
can be regarded as the short-range-order effect for the two-for the sample C.
dimensional magnetic system from its shape and the struc-  Since the MnFe-mos complex has two Mn(lll) ions with
tural analysig8,9]. S=2 and one Fe(lll) ion witt5=1/2 per formula unit, the
The magnetic enthalpy and entropy gains for the sam- magnetic entropy expected for such a spin systerxSs R
ples A, B, and C were evaluated by integration of the mag- In (5x5x2) (=32.5JK1mol™1). The experimental
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magnetic entropy of the sample A agrees well with the ex- tion temperatureR27-30]. The present case shows a similar
pected value. This fact suggests that the Mn(lll) and Fe(lll) tendency.
ions in the MnFe-mos complex are in the high- and low-spin  Finally, we shall discuss about the magnetic heat capac-
states, respectively. The experimental magnetic entropy forities at very low temperatures. Heat capacities of magnetic
the sample B is extremely smallin comparison with that of the materials at very low temperatures generally obey the spin
sample A, whereas the entropy gain of the sample C is largelywave theory12]:
recovered. It is of interest to note here that the magnetic en- iin
tropy of the sample B is rather close to the value in the case of Cmag o< T77, )
the low-spin Mn(lll), R In (3 x 3 x 2) (=24.0JK 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 a
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-temperatur
e below the magneti rantion temperature, The former . E€IOW 44 K. hoviever, the magneti heat capacites of the
brings about a decrease of the magnetic enthalpy'/ and entrop{f'ample B decrc_easeq rapidly. This sugges_ts the existence of
a large magnetic anisotropy of the Mn(lll) ions, because the

gained at the phase transition, while the latter would cause an,_. . L . T
additional phase transition due to the magnetic ordering ofthe.hlgh spin Mn(lll) ion in an octahedral ligand-field symmetry

residual paramagnetic species at extremely low temperature S characterized by the orbital-degenera’iEng. We tried to
as far as the third law of thermodynamics is fulfilled. In fact Ti the Cmag data of the sample B from 3 to 6K to the fol-

. ' ' _lowing equation describing the spin wave contribution under
the upturn of the heat capacity of the sample B encounteredanisotrop;{Sl}'
below 1K [seeFig. 2(a)] seems to suggest the existence of '
§uch an additional phase tr_ansition. _Such a mechanochem-cmag: aT 2e(AE/ksT) (3)
ical effect was observed in the spin-crossover complex
[Fe'" (3MeOsalenEp|PFg [16,20—23]. Although the present  whereAE stands for the energy gap between the ground and
complex is not a spin-crossover complex, the mechanismthe first exited energy levels. The best fit was obtained for
for the decrease of the magnetic heat capacity, enthalpy, andd=2.71x 10*JK mol~* and AE/kg = 23.6 K. The fitting re-
entropy would be quite similar to that of the spin-crossover sult is displayed irFig. 3(a) by a dashed curve.
complex. As found in other metal-assembled complef2$,28],

We tried to fit the magnetic heat capacities of the sample A tiny thermal anomaly observed for the present complex be-
aboveTy to two-dimensional magnetic models. As described low 1K is perhaps due to the presence of a small amount
in the introduction, the previous magnetic stuéjrevealed of imperfect ferromagnetic sheets which occurred during the
that the present complex is a metamagnet, suggestingsample synthesis, grinding, and pressing. Thisanomaly might
that the complex consists of ferromagnetic layers and the contain the contribution due to the hyperfine interaction of
interlayer interactions are antiferromagnetic. Since the actualthe Mn nuclei[32].
magnetic system of the present complex is too complicated
to analyze, we approximated the actual layer bySaB3/2
two-dimensional ferromagnetic Heisenberg system, where 4. Conclusions
S=3/2 is an averaged spin quantum number of 82

whered stands for the dimensionality of magnetic lattice and
nis defined asthe exponentin the dispersion relatiert for
antiferromagnets ana= 2 for ferromagnets. BelowWy, the
SCmagdata of the sample B are proportionallto(the propor-
tional coefficient: 7.5 1072JK~*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
ig. 3(a) by a solid curve.

spins and oné&=1/2 spin. TheCnyag data of the sample A Heat capacity measurements of the two-dimensional
between 11 and 20 K was fitted to 8r 3/2 two-dimensional ~ metal-assembled complex, K[{Mr(3-MeOsalen)}Fe"
ferromagnetic Heisenberg model of square latfe-26]. (CN)g], were carried out in the temperature range between

The best fitting was obtained for the exchange interaction 0.5 and 300 K by adiabatic calorimetry. A heat capacity peak
J/kg = 1.6 K (ka: the Boltzmann constant) as shown by asolid due to an antiferromagnetic phase transition was observed at
curve inFig. 3(b). The derived value is considerably small Ty =8.29 K, above which a large heat capacity tail due to the
in comparison withTy =8.29 K. This might be caused by short-range-order effect of the spins characteristic of two-
the assumption that the rather complicated actual magneticdimensional magnetic substances was found. This thermal
system was approximated by a simple square lattice con-anomaly can be expressed by tBe 3/2 two-dimensional
sisting of homogeneous spins. In some magnets among ourferromagnetic Heisenberg model of square lattice with
studies, on the other hand, thealues obtained by fitting the  J/kg =1.6 K. This fact supports that the complex possesses
theoretical models to the magnetic heat capacity tails abovea two-dimensional ferromagnetic structure. The enthalpy
the magnetic phase transitions were smaller than the transi-and entropy gains due to the magnetic phase transition
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were AH=373Jmot! andAS=31.3JK I mol~1, respec-

tively. The value of the magnetic entropy coincides with the

expected valuAaS=RIn (5 x 5 x 2) (=32.5J KX mol~1) for
the spin system with tw&=2 spins and on&=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 belovy.

When the crystal of the complex was ground and pressed
the heat capacity around the magnetic phase transition was
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