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Heat Capacity 3. Magnetic Heat Capacity

Michio Sorai

(Received March 11, 2002; Accepted April 8, 2002)

Magnetic contributions to heat capacities of molecule-based magnets and assembled-metal
complexes are explained. Although magnetic moments of both spin and electron-orbitals are
involved in the magnetic phenomena occurring in the solid state, primal role is usually played
by spins. Since spin is a physical quantity definitely defined by quantum mechanics, magnetic
heat capacities experimentally determined are often used as a diagnostic tool to check the validity
of the theoretical treatments proposed in the field of solid state physics. Discussed in this
paper are (1) low-dimensionality and dimensional-crossover encountered in molecule-based magnets
and assembled-metal complexes, (2) heat capacity of single-molecule-magnet under magnetic
field, (3) magnetic phase transitions due to order-disorder mechanism of spin orientation, (4)
spin-crossover phenomena in which the electronic state itself is altered by temperature, (5)
interplay between charge-transfer and spin-state conversion, and so on.
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Fig.1 Magnetic heat capacity curves Cp of different

dimensional lattices of spin SO 1/2. "d" indicates
the lattice dimension. The heat capacity derived
from the mean-field approximation is labeled by
"M.F.". Temperature is reduced by the transition
temperature 6 of the mean-field model. (a) Ising
model: 2d and 3d are calculated for square-planar
and simple cubic lattices. (b) Heisenberg model:
1d for antiferromagnetic chain, 2d for
ferromagnetic square-planar, and 3d for
ferromagnetic body-centered-cubic lattices.?
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Fig.2 Dimensional crossover between one-dimensional

(1D) and two-dimensional (2D) lattices for the
spin SO 1/2 ferromagnetic I1sing model. Dashed
and dot-dashed curves correspond to 1D and
2D models, respectively, while solid curve
indicates the dimensional crossover between them.
J and J' mean the intra- and inter-chain interaction
parameters, respectively.2
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Fig.3 Theoretical heat capacities of magnetic chains
with spin SO 1/2: (a) Ferro- or antiferromagnetic
Ising model, (b) ferro- or antiferromagnetic XY
model, (c) antiferromagnetic Heisenberg model,
(d) ferromagnetic Heisenberg model.3
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Fig.4 Molecular structure of stable organic free radical
compounds exhibiting magnetic ordering.
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Fig.5 Molar heat capacities of y- and f-phase
samples. The solid curves for these phases at
the low-temperature side represent the spin-
wave approximation for three-dimensional
antiferromagnetic and ferromagnetic systems,
respectively.2)
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Fig.6 Molar heat capacity of MOTMP. O Lattice heat
capacity; O
Heisenberg model (J/ks0 0.45K); O Spin-wave
contribution.28-30)
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Fig.7 Magnetic heat capacity of [DMeFc][TCNE]. (a)
Ferromagnetic Heisenberg chain (Jo/kg0 Jy /ke O
13K), (b) Anisotropic Heisenberg chain (J, /ks O
25 K; Ju/dy00.5), (c) Ising chain (J,/ksD 19
K; Jo/keO 0 K).3536)
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Fig.8 (&) Schematic magnetic structure of the one-
dimensional ferrimagnetic chain in MnCu(obbz)]
5H,0. Open and filled circles stand for Mn(l1)
and Cu(ll) ions, respectively. Long and short
arrows indicate spin 5/2 and 1/2, respectively.
Antiferromagnetic interaction J; is much stronger
than J,. (b) One-dimensional ferromagnetic chain
consisting of the resultant SO 2 spins expected
for the antiferromagnetically strongly-coupled
Mn(Il) and Cu(ll) spin pair. Double circle stands
for the Mn(Il)-Cu(ll) pair.38
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Fig.9 Excess heat capacities of MnCu(obbz)J5H,0
around the antiferromagnetic phase transition
temperature Tn. Solid line indicates the theoretical
heat capacity curve estimated by the high-
temperature series expansion for SO 2 one-
dimensional ferromagnetic Heisenberg model
with J/ks O 0.75 K. The broken straight line shows
the heat capacity due to the spin-wave
excitation.3®8)
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Fig.10 Magnetic heat capacities of CATMP free radical
crystal on (a) logarithmic and (b) normal scales.
Solid curves indicate the heat capacities cal culated
from the high-temperature series expansion for
the SO 1/2 two-dimensional ferromagnetic
Heisenberg model of square lattice with J/kgO
0.42 K. Broken curves show the heat capacities
derived from the spin-wave theory for three
dimensional ferromagnets.44
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Fig.11 Structure of assembled {[CuCr(ox)s]°}5 ion.
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Fig.12 Excess heat capacity of { NBusCuCr(ox)s]}-. The
thick and thin curves represent the short-range
order effect in two- (2D) and three-dimensional
(3D) structures, respectively.46)
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Fig.13 (a) Schematic drawing of the skeletal structure of
a single-molecule-magnet [Mn"'gsMnV4012(RCO2)16
(H20)4]. For simplicity, only [Mn'"'gMn'V4017] is
shown. (b) Zeeman effect on the zero-field-splitting
of the single-molecule-magnet.

[Mni'gMn1V,4015(RCO2)16(H20)JA0 A: 00000000
000D00001200000000000000000
Fig.13(a)0 000800 Mn» 0000000000
SMn30)020000000000000000000 16
000000400 Mn4o0000SMn40)0 3/20000
00000000000000000060000000
000000000000000000000000000
000000000000000 Stotal)o 1000 0 0Mn2e
00D003¢00000000000000000000
0000000000000000(G) 000000100
000000DS2000000000000000000
00000000000000000000000000
00000000000000000000000000
Fig.13(b)0000000000000000000000
00000000HOOOO0DOO0O0HA(DOg 8ustl)0 n

OnO1, 2 0000000000000 O0OO0OODOOO

gooooooooooooobbOoooooooooDooo
gooooooTsQOOOOODOODOOOOODOOO
gooooooooooooooooooooooooo
gbooooooboobooboboobooooboobooobooooo
goo0120000000000004490000000



gooo

® 0T
o 09T

----- Csan(0.7 T, < Tp)

8 —— (0.7 T, > Ty

AC, / JKO1molol

Fig.14 Excess heat capacity of the single-molecule-
magnet [Mn12012(02CEt)16(H20)3] beyond the
lattice heat capacity measured under non-magnetic
field (solid circles) and magnetic field of 0.7 T
(open circles). The blocking temperature Tg is
located around 3.5K. The broken and solid curves
represent the Schottky anomalies without and
with allowing the quantum tunneling effect
concerning the conversion between up- and down-
spins.49)
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Fig.15 Schematic diagram for the spin crossover
phenomena: (a) the energy scheme for one d-
electron in octahedral ligand-field symmetry, (b)
six d-electrons in a weak ligand-field, (c) six
d-electrons in a strong ligand-field, and (d)
relationship between the spin state and the ligand-
field strength.
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Fig.16 Molar heat capacity of the iron(l1) spin crossover
complex [Fe(NCS)z(phen),]. Broken curves
indicate the normal heat capacities.5051)
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Fig.17 Molar heat capacity of [Fe(2-pic)s]CIZICH3sOH.
Broken curve indicates the normal heat capacity.52

Frenkel Theory of Heterophase Fluctuations in Liquids
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Fig.18 Schematic drawing of the domain model. The
crystal lattice is divided by uniform size of
domains containing equal number of spin-
crossover complexes. Tc is the transition
temperature at which the number of low-spin
domain becomes equal to that of high-spin
domain.sd
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Fig.19 Schematic representation of the spin-state
conversion due to electron transfer phenomenon
in {(n-CsH7)sN[Fe'"Fe''!(dto)s]}... It should be
remarked that symbol S has been used both for
the spin quantum number and for the entropy
due to the spin multiplicity.5354
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