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Abstract
Low temperature heat capacity measurements under pressure were performed for tiny single
crystals of two-dimensional coordination-networked compounds consisting of [Mn4]
single-molecule magnets (SMMs) by the ac temperature modulation technique. Systematic
variations of the peak temperature and the peak width of the thermal anomalies produced by
pressure were clearly detected using two ruthenium oxide resistance chips in the Cu–Be
clamp-type cell. A linear increase of the Néel temperature for an ordering set of large SMM
spins with S = 9 was observed in [Mn4(hmp)6{N(CN)2}2](ClO4)2, while a non-monotonic
variation of the peak temperatures and peak shapes was observed in [Mn4(hmp)4Br2(OMe)2

{N(CN)2}2](ClO4)2·2THF·0.5H2O (hmp− = 2-hydroxymethylpyridinate; N(CN)−2 =
dicyanamide as the linker among SMMs). We also report on thermodynamic behavior produced
by changing external pressures and magnetic fields. The results are discussed in terms of the
tilting angle of Ising axes in the two-dimensional plane.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Since the first observation of a ferromagnetic transition in the
pure organic radical of the β-phase of p-NPNN (p-nitrophenyl-
nitronyle-nitroxide) [1–3], numerous efforts have been made
to realize characteristic properties based on molecular spins.
To design new magnetic molecules with p- or d-electron
spins and to arrange them in appropriate structures to have
novel magnetic properties has been done by many synthetic
chemists. The electron spins on these molecules can provide
a rich variety of magnetic materials with different magnetic
interactions from zero dimension (0D) to three dimension
(3D). One of the successful examples in the past decade
is the creation of single-molecule magnets (SMMs), which
are magnetically isolated (0D) high-spin clusters containing
multiple transition metal ions [4–6]. In SMM systems, high-
spin clusters with uni-axial anisotropy has allowed them to

exhibit nanometer-scale magnetic behavior. So naturally, a
chemically linked compound of SMMs became the next target
for a magnetic material that possibly has a character between
an isolated SMM and a normal bulk magnet [7–9]. These
compounds are constructed based on the idea of using SMM
as a building unit for constructing a self-assembled network
through coordination bonds. Using a double cuboidal [Mn4]
cluster possessing the SMM character as a building block
and the dicyanamide anion as a linker, Miyasaka et al have
succeeded in synthesizing 2D and 3D coordination-networked
structures [7–9]. Since each [Mn4] unit has a large spin with
S = 9 in this cluster, a long-range magnetic order of giant
magnetic moments to reach approx. 15 μB has been realized at
relatively high temperatures of several kelvins even for weak
exchange magnetic interactions J/kB [9, 10].
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Among several SMM-networked compounds which
form quasi-2D structures, [Mn4(hmp)6{N(CN)2}2](ClO4)2

(hmp− = 2-hydroxymethylpyridinate) shows a long-range
ordering at 4.35 K while [Mn4(hmp)4Br2(OMe)2{N(CN)2}2]
(ClO4)2·2THF·0.5H2O exhibits a rather broad transition
around 2.03 K. The characterization of magnetic behaviors
and the first heat capacity measurement of them is
given in [9]. The detailed heat capacity measurements,
including magnetic field dependences, are reported in the
following papers [10, 11]. Although no ordering was
observed for [Mn4(hmp)4(pdm)2{N(CN)2}2](ClO4)2·1.75H2

O·2MeCN (pdm2− = pyridine-2,6-dimethanolate) in [9], the
subsequent measurement by a dilution refrigerator detected an
antiferromagnetic ordering around 0.38 K [11]. The series of
heat capacity measurements have indicated that the magnetic
orders have mainly arisen by the ground state doublet of
Sz = ±9 through the evaluation of magnetic entropy around
the transition temperatures. Since each constitutive unit is
sensitive to magnetic fields owing to the large spin number
and the strong Ising-type anisotropy, the long-range character
is also suppressed when magnetic fields are applied parallel
to the Ising axis direction. Rotation of the magnetic field
in the plane at fixed temperatures also produces a change in
thermodynamic behavior and therefore to control magnetic
entropy by changing the magnitude and the direction of
the magnetic field may be possible [10]. In addition, the
application of a magnetic field also induces characteristic
non-equilibrium behaviors with the long relaxation time and
produces dynamic properties in magnetic behaviors, especially
in the compounds with perpendicularly tilted Ising axes in
the 2D plane. Actually, the glass-like transition in magnetic
heat capacity in a weakly linked networked compound
of [Mn4(hmp)4(pdm)2{N(CN)2}2](ClO4)2·1.75H2O·2MeCN
is reported as a sudden drop of heat capacity at 0.9 K [11].

In these networked compounds, the SMM units have
magnetic interactions through coordination ligands of di-
cyanamide. Because of the flexibility of the ligands, the
compounds have relatively soft lattices as compared with
many intermetallic compounds like transition metal oxides.
Interestingly, variations of magnetic characters by application
of pressure has been reported in [12] by ac susceptibility
measurements under pressure.

With a backing of these magnetic characteristics, it is
the aim of this work to pursue the entropic change of
the magnetic characteristics due to external pressure using
a single-crystal sample. Although numerous experiments
such as magnetic, transport, optical and structural have
been performed for molecular magnets under pressure,
thermodynamic measurements have not yet been performed.
We have recently reported a technique to measure heat
capacities of single-crystal samples [13]. In our preliminary
experiment in [13], we have confirmed that the measurement
of the [Mn4] cluster compound is possible by this method.
Throughout the systematic thermodynamic measurements
under hydrostatic pressures and with external magnetic fields
of the [Mn4] networked system, an interesting shift of the peak
temperature and peak width in heat capacity has been observed
and discussed from the entropic standpoint for the first time.

2. Experimental details

The target materials for the high pressure experiments in this
study are [Mn4(hmp)6{N(CN)2}2](ClO4)2 and [Mn4(hmp)4

Br2(OMe)2{N(CN)2}2](ClO4)2·2THF·0.5H2O which are co-
ordination network compounds of [Mn4] clusters. The
[Mn4] clusters are arranged in 2D networked structures,
as shown in figure 1. The samples were synthesized by
Tohoku University according to the procedure described
in [9]. We used a single crystal weighing 239.4 μg for
[Mn4(hmp)6{N(CN)2}2](ClO4)2 and one weighing 105.9 μg
for[Mn4(hmp)4Br2(OMe)2{N(CN)2}2](ClO4)2·2THF·0.5H2O.
The former shows a distinct long-range antiferromagnetic
transition at 4.35 K, while the latter shows a broad peak
at 2.03 K from the single-crystal relaxation calorimeter. In
the schematic structure shown in figure 1, we compare
the difference in tilting angle θ between the two kinds of
Ising axes in the network plane of both compounds. The
tilting angle θ is 18◦ for [Mn4(hmp)6{N(CN)2}2](ClO4)2 and
63◦ for [Mn4(hmp)4Br2(OMe)2{N(CN)2}2](ClO4)2·2THF·0.5
H2O. The details of the crystal structure and magnetic
properties of these materials are reported in [9].

The heat capacity measurement under pressure was
performed by the low temperature ac technique [13]. The basic
concept of this method was proposed by Eichler and Gey in
1979 [14]. Although their apparatus was designed for measur-
ing samples of the order of 102 mg, we have modified it for
detecting the signal of tiny crystals of organic compounds. We
used two different chip-type resistances of ruthenium oxides
(KOA Co. Ltd) whose room temperature resistance was 100 �,
1 k�. The former was used for a sensor and the latter was used
for a thermometer. Single crystals 1.6 × 0.7 × 0.2 mm3 for
[Mn4(hmp)6{N(CN)2}2](ClO4)2 and 1.5×0.6×0.15 mm3 for
[Mn4(hmp)4Br2(OMe)2{N(CN)2}2](ClO4)2·2THF·0.5H2O are
sandwiched between these chips. The sample with the heater
and the thermometer is coated by epoxy to ensure temperature
stability around the sample. Hydrostatic pressures up to
1.1 GPa were applied using a CuBe clamp-type cell with
a Daphne 7373 pressure medium. The ac current supplied
to the heater resistance produces temperature modulation
around the sample which can be detected as a modulation
of the sensor resistance. This modulation was recorded as
an error signal from setpoint values of the ac resistance
bridge. The suitable frequency region for performing ac
calorimetry was investigated in detail in [13] and 25–40 Hz was
concluded to be appropriate for these samples. The validity of
the measurements was confirmed by measuring the pressure
dependence of the superconductive transition of indium metal
with a diameter of �1 mm and thickness of 0.5 mm. The
detected ac modulation signals were transformed into the heat
capacity after correcting for the temperature dependence of the
heater and thermometer chip resistances. The calorimetry cell
was mounted on a 3He refrigerator which can be inserted in an
8 T superconducting magnet. By this technique, it is possible
to derive thermodynamic information by controlling external
pressures and magnetic fields.
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Figure 1. Crystalline structure of (1) [Mn4(hmp)6{N(CN)2}2](ClO4)2 and (2) [Mn4(hmp)4Br2(OMe)2{N(CN)2}2](ClO4)2·2THF·0.5H2O.
The arrangement of [Mn4] cluster units in the 2D plane is shown in (a) and the inter-planar structure is shown in (b) for both compounds. The
directions of the two kinds of Ising-type axes of SMM units in the sheet are shown by the broken lines.

Figure 2. Temperature dependence of heat capacity of
[Mn4(hmp)6{N(CN)2}2](ClO4)2 obtained under various pressures.
The inset graph shows the shift of the peak temperature by external
pressure. The magnitude of the error bars is shown with explanatory
remarks in the other inset.

3. Results and discussion

3.1. [Mn4(hmp)6{N(CN)2}2](ClO4)2 system

In figure 2, we show temperature dependences of the heat
capacity of [Mn4(hmp)6{N(CN)2}2](ClO4)2 obtained under
pressures of 0, 0.56 and 1.1 GPa. The sharp distinct peak at
which magnetic entropy has been estimated to be 1.1R ln 2 at
5 K, as is reported in [10], shifts to the higher temperature
side with the increase of pressure. The peak is not broadened
and keeps the same width even under a high pressure of
1.1 GPa. These results reveal that the homogeneity of the
pressure is attained in the measurement. Although it is very

difficult to achieve absolute precision of the measurement
owing to the large additional contribution by the thermometer
and heater chip and the heat release through the pressure
medium, the resolution attained in this method is appropriate
to grasp the systematic change of the magnetic order. From
the previous relaxation calorimetry using the same materials,
the application of 2 T reduces the long-range order due to
the large Zeeman effect of S = 9 spins [10]. Therefore,
by subtracting the data of 2 T from those of 0 T, we can
calibrate the heat capacity signal using the absolute value of
the relaxation calorimetry results. The values of the vertical
axis in figure 2 were thus determined in order to evaluate the
peak height and the magnetic entropy. As is shown in the inset,
the Néel temperature determined by the heat capacity peak
increases linearly against the external pressure with a slope of
dTN/dp = 0.068 kGPa−1. In spite of this linear increase, the
peak shape scales well if we plot the data in CpT −1 versus
T/Tpeak, as is shown in figure 3. This result means that
the magnetic entropy related to the transition is not affected
by the systematic change of magnetic interaction induced by
pressures. The shift of the peak temperature demonstrates that
the magnetic interaction increases with the decrease of the
intercluster distance, which is a typical behavior of magnetic
materials with long-range ordering. Since the magnetic order
has an Ising-type nature of 2D in this compound, the nearest-
neighbor interactions by way of dicyanamide linkers may
dominate the magnetic order, although the possibility of the
dipole interaction cannot be excluded as a possible origin of
the ordering. The effective magnetic coupling between [Mn4]
spins is estimated from the critical magnetic field, H c(0),
through the formula in equation (1) in [9]. Taking account
of this formula, the effective magnetic interaction between

3



J. Phys.: Condens. Matter 22 (2010) 026007 O Kubota et al

Figure 3. The scaling relation of the heat capacity peak against
T/Tpeak.

[Mn4] clusters can be discussed in relation to the tilting angle
between two Ising axes in the 2D sheet. The interaction gives
a maximum value in the parallel configuration. Probably, the
increase of pressure works to make the tilting axis smaller and
therefore the effective exchange coupling between neighboring
spins increases with the increase in pressure.

Experiments performed by Wada et al [15] using the
adiabatic technique under various pressures for CoCl2·6H2O
with antiferromagnetic ordering shows a linear increase of
the peak temperatures. A similar behavior is observed in
the organic radical ferromagnet of 2,5-DEPNN [16, 17].
Although these studies were performed for polycrystal or
powder samples, the qualitative resemblance of the peak shift
in the present system ensures that the pressure works to
increase the magnetic interaction J/kB of neighboring spins.
The pressure dependence of the heat capacity observed here
means that the external pressure drastically affects the linkage
of the dicyanamide ligands.

3.2. The [Mn4(hmp)4Br2(OMe)2{N(CN)2}2]
(ClO4)2·2THF·0.5H2O system

The pressure dependence of the thermodynamic peak of
[Mn4(hmp)4Br2(OMe)2{N(CN)2}2](ClO4)2·2THF·0.5H2O is
different from that of [Mn4(hmp)6{N(CN)2}2](ClO4)2. At
ambient pressure, the broad heat capacity peak around 2.03 K
reported in [9, 10] is reproduced well in this measurement
by the high pressure calorimeter. With the increase of
pressure, we have observed that the peak shape and the
peak temperature change moderately but non-monotonically,
as is shown in figure 4. In order to discuss the peak
shape quantitatively, we performed a similar calibration as for
[Mn4(hmp)6{N(CN)2}2](ClO4)2 using the difference between
0 and 2 T data. The vertical axis corresponds to the magnetic
contribution defined as �CpT −1 = (Cp(0 T) − Cp(2 T))/T .
The data under pressure plotted in figure 4(a) is shifted by a
constant value of 1.5 J K−2 mol−1 with the increase of pressure
to avoid the overlap of the data points in the same figure.

Figure 4. (a) Temperature dependence of magnetic heat capacity of
[Mn4(hmp)4Br2(OMe)2{N(CN)2}2](ClO4)2·2THF·0.5H2O.
(b) The shift of the peak temperature and the peak width of
[Mn4(hmp)4Br2(OMe)2{N(CN)2}2](ClO4)2·2THF·0.5H2O under
pressure.

The systematic change of the peak temperature and the peak
shape is observed clearly in figure 4(a). With the increase
in pressure, the peak temperature decreases gradually and the
broad peak at ambient pressure is further broadened up to
about 0.52 GPa. The shift of the peak temperature is shown
in figure 4(b), which gives a minimum value of 1.7 K at
0.52 GPa. Interestingly, by further increasing the pressure
above 0.52 GPa, the peak temperature increases and reaches
1.95 K at 0.86 GPa. We also show the variation of the half-
width of the peak in figure 4(b), where we can find that the
peak is broadened once but recovers to be sharp again with the
increase in pressure. The sharper peak in the high pressure
region means that the long-range nature is enhanced, as in
the case of [Mn4(hmp)6{N(CN)2}2](ClO4)2. The slope of
dTN/dp above 0.52 GPa is 0.072 kGPa−1, which is close to
the slope of [Mn4(hmp)6{N(CN)2}2](ClO4)2. The suppression
of the ordering temperature and its subsequent recovery is
reported by Ogawa et al through the ac susceptibility under
pressure [12]. They suggested that the broad transition
is suppressed once and the SMM-like character becomes
dominant in the low pressure region. They also observed
that the bulk magnet behavior recovers in the higher pressure
region. These results are quite consistent with the present
thermodynamic behavior observed in this work. We cannot
explain the reason for the data scattering at 0.33 GPa,
but we have observed the same tendency in the different
samples performed independently. Since our method is an ac
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Figure 5. Magnetic field dependence of the heat capacity peak structures of [Mn4(hmp)4Br2(OMe)2]{N(CN)2}2·2THF·0.5H2O measured
under ambient pressure, 0.10, 0.33, 0.52, 0.70 and 0.86 GPa.

calorimetry with a modulation frequency of 25–40 Hz, spin
dynamics related to the SMM character grows in this frequency
region. To study the systematic frequency dependence down to
the dc region is necessary for further understanding, since the
SMM behaviors should be detectable by ac calorimetry in the
lower frequency region. An important fact to be emphasized
here is that the magnetic entropy appears to remain at R ln 2
corresponding to the full entropy of the magnetic ground state
of Sz = ±9, although the peak shape changes drastically under
pressure.

The origin of the minimum of the peak temperature
and the non-monotonic behavior across 0.52 GPa may be
attributable to the change in tilting angle, as we have discussed
above. The external pressure works to change the tilting
angle, and therefore affects the nearest-neighbor magnetic
interactions J/kB between [Mn4] spins. In the weak pressure
region, the tilting angle of 63◦ increases to weaken the
magnetic interactions. However, when the pressure is larger
than 0.52 GPa, two Ising axes tend to be parallel, as in the
case of [Mn4(hmp)6{N(CN)2}2](ClO4)2. In order to confirm
this tendency, we show the heat capacity results performed
in a combination of magnetic fields and external pressures.
The magnetic field dependences of heat capacities at 0, 0.10,
0.33, 0.52, 0.70 and 0.86 GPa are shown in figure 5. In these
measurements, the magnetic fields are applied almost parallel
to the b-axis in the 2D network. In the high pressure regime
of 0.70 and 0.86 GPa, where the peak shape is sharp, the
magnetic field of approximately 0.5 T suppresses the order
completely. On the other hand, in the ambient pressure data
shown in [10] and those in 0.10 GPa, the peak is broadened
but remains at 0.5 T. The behavior of the heat capacity peak
against magnetic fields of 0.70 and 0.86 GPa resembles the

case of [Mn4(hmp)6{N(CN)2}2](ClO4)2, where the Ising axis
is almost aligned in one direction and the heat capacity peak
disappears when external fields are applied parallel to the Ising
axis.

In ambient pressure, two Ising axes of [Mn4(hmp)4Br2

(OMe)2{N(CN)2}2](ClO4)2·2THF·0.5H2O have a large tilting
angle and therefore the application of magnetic fields does
not give anisotropic behavior when the magnetic fields are
applied in different directions in the 2D plane. However, when
the external pressures above 0.25 GPa are applied, Ogawa
and Mito et al suggested that the contraction of the c-axis is
larger when compared with that of the b-axis [12]. According
to the preliminary work by them, the contraction of the c-
axis is almost negligible up to 0.75 GPa, while nearly 2.5%
contraction in the b-axis is observed at this pressure by x-
ray analysis. The data will be published by their group
elsewhere. Taking account of this behavior, it is suggested that
the crystal structure changes such that the tilting angle becomes
smaller and the two Ising-type axes tend to be aligned in the
b-axis direction. The increase of the transition temperature
and an appearance of the shaper peak revealed in this region
are consistent with this tendency. Although this is still a
speculative discussion, the result means that the direction of
Ising axes in the high pressure regime are inclined to be close
to the behavior of [Mn4(hmp)6{N(CN)2}2](ClO4)2, which has
the character of a bulk magnet. It is important to perform
similar experiments by applying magnetic fields in the c-axis
direction as well as in the b direction. However, to obtain data
for different pressures and magnetic fields is not so easy owing
to many experimental restrictions which should be performed
inside the pressure cell. The experiment by adjusting the c-axis
direction in our calorimetric set-up is not successful at present
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due to the lack of space inside the pressure cell. We consider
that to report the systematic change of the peak temperature
and peak width is necessary in the future.

In the lower pressure region where the tilting angle is
close to the perpendicular arrangement, the antiferromagnetic
ordered structure of large magnetic moments is not so stable
and a kind of frustration is produced in the plane. This
instability produces short-range fluctuations which lead to a
dynamic character like SMM systems. The tuning of magnetic
character using external parameters can give the possibility
of deriving interesting phenomena in these SMM-networked
compounds.

4. Conclusion

We have performed thermodynamic investigations for [Mn4]
networked compounds under pressure and with mag-
netic fields using small single crystals. The sys-
tematic increase of long-range order with the increase
of pressure was clearly detected by heat capacity in
[Mn4(hmp)6{N(CN)2}2](ClO4)2. However, non-monotonic
changes in the peak temperature and peak shape appear
in [Mn4(hmp)4Br2(OMe)2{N(CN)2}2](ClO4)2·2THF·0.5H2O.
The results are discussed in relation to the tilting angles of Ising
axes in the 2D plane. These results imply the importance of
the high pressure calorimetry of the molecular magnet using
single crystals and that the application of the method to various
materials is promising in condensed matter science, especially
for the field of molecular magnetism. The combination of
two external parameters to control the magnetic peak gives
us the possibility to extend the thermodynamic discussion to
a universal level. To derive a universal relation including
the pressure and magnetic fields in different directions will
be a future goal for thermodynamic work on these series of
materials.
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