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ABSTRACT

Correlation between magnetic and thermal properties was studied for five
ferrocenium radical salts by means of heaf—capacity measurements at very low
temperatures. Of these five compounds, decamethylferrocenium tetracyanoethenide
(IDMFcl]I[TCNE]) and decamethylferrocenium tetracyanoquinodimethanide
(IDMFc][TCNQ]) belong to a family of molecular charge-transfer complexes, while
biferrocenium triiodide ([BFc]I3) and 1’,1”-diethylbiferrocenium triiodide
(IDEBFc]I3) are mixed-valence complexes. The last compound, ferrocenium
hexafluorophosphate ([FclPFg), is a simple radical salt. All these compounds
contain anisotropic spins of ferrocenium moieties and hence théir magnetic
interactions in the solid state are very attractive subjects to study. The
first two compounds contair; both the [DMFc]* cation radicals and either the
[TCNE]™ or [TCNQ]™ anion radicals. Consequently their magnetic interactions are
of great interest.

A main part of the present doctoral thesis is part II, in which the so-called
"molecular based ferromagnet" is mentioned. The first compound, [DMFc][TCNE],
is known to show a bulk ferromagnetism below 4.8 K on the basis of magnetic
measurements. In the present calorimetric study, the Curie temperature v;ras
precisely determined to be T, = 4.74 K. The excess entropy associated with the
observed heat-capacity anomaly was very close to the expected magnetic entropy,
Z R 1ln 2, so that it was concluded that the charge transfer from [DMFc] to
[TCNE] is stoichiometrically complete. Detailed examination of the heat-
capacity anomaly revealed a strong Ising character of the intrachain magnetic
interaction. The strength of the Ising nature derived from the present study
was consistent with that estimated from the magnetic susceptibility measurement
for a single crystal. However, the present result conflicted with the result of
5Tre MBssbauer spectroscopy which suggests the existence of a magnetic soliton
excitation for interpretation of the line widths. The interchain interaction
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was evaluated under a mean field approximation. The obtained value was as small
as ~0.02 per cent of the intrachain interaction. Hence the compound,
[DMFc][TCNE], was proved to be a good one-dimensional (1D) Ising magnet.

For the related TCNQ complex with a homologous 1D crystél structﬁre, an
antiferromagnetic phase transition was observed at Ty = 2.54 K. This phase
transition has been regarded as being accompanied by a structurél
transformation. In the present calorimetric study,‘ however, the transition
entropy roughly estimated suggested that significant part of the transition
entropy can be accounted for solely in terms of the magnetic origin. Thus the
structural change may be considered to play minor role in the phase transition
of [DMFc][TCNQ], if any. In comparison with the TCNE salt, it was concluded
that the magnetic lattice of the TCNQ salt has not so strong 1D character. The
present study elucidated that there exists a considerable difference in the
exchange-path structure between the TCNE and TCNQ salts in spite of their
similar crystal structures.

In part III, the other three compounds are described. For all compounds,
heat-capacity anomalies were found below 1 K. Unfortunately whole shapes of the
anomalies could not be observed owing to the experimental limitation of the
lowest attainable temperature. In order to interpret these anomalies, a new
analytical method was introduced, which is an exponent "n" characterizing the
temperature derivative of heat capacities, n = -(81nC)/(81InT). This exponent,

n, provided a useful criterion to judge whether an anomalous heat capacity would
originate in a phase transition or a Schottky anomaly by use of only partial
information about the anomaly; The magnetic behaviors of the three compounds,
[BFcll3, [DEBFcli3, and [Fc]PFg, were analyzed by this method and it was found
that all the thrée compounds show a low dimensionality concerning magnetic

lattice structure. Except for [BFcll3, apparent low dimensional structures are
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hard to be found in their real crystal structures. Therefore, such a lattice

anisotropy of the exchange path is considered to be a common feature inherent in

molecular magnets.
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PART 1.

INTRODUCTION

Chapter 1. The Motive for the Present Study
1.1 Molecular Magnet, Exchange Path, and Lattice Dimensionality

Chemists are always longing for explanation of properties of materials in
terms of their structural aspects. This attitude gives to the concept of
exchange path a prominent position in magnetochemistry. The exchange path is a
concept inherent in localized moment models. When magnetic moments are arranged
in a crystal lattice, the exchange path correspoﬁds to a tie-—liné between any
two spins. The magnetic interaction, i.e. exchange of electrons, is considered
to occur via this interactio; path. Forv itinerant electrons described by band
theories, however, such a path can not be defined.

A localized moment model is described by the so-called HDVV Hamiltonian
(Heisenberg-Dirac-Van Vleck), Hj; = —2J|| SjZSJ‘Z -2J ( SjXSJX + Sijjy ),
where Hj;; denotes a Hamiltonian representing the interaction between two
localized spins at i- and j-sites, S;X is the a-component of spin operator for
~site, and J“ and J; show the superexchange interaction parameters. By a
positive J one can describe a ferromagnetic interaction in which the parallel
spin configuration is preferred. Contrary to this, an antiferromagnetic
interaction is described by a negative J. When the magnetic interaction is
isotropic, Il.e. J" = J) , the interaction is called the Heisenberg type.

Generally the magnetic interaction may have some anisotropy : the limiting case
of J) = 0 is called the Ising type, while another limiting case of J" = 0 is
called the XY type. These three types of magnetic interaction reveal various
characteristic features and a large field of statistical thermodynamics has been

developed based on this HDVV Hamiltonian.

In simple ionic salts like transition metal oxides or halogenides, the
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magnetic moments are localized on the transition metal cations. They interact
magnetically with each other through superexchange interaction via intervening
counter anions. In this case the exchange path is clearly recognizable and
traced out as "d-orbital in a cation" ... "p-orbital in monatomic anion" ... "d-
orbital in another cation". The magnetic interaction depends strongly on the
exchange path. For example, the interaction is ferromagnetic wheh the bending
angle of the exchange path is 90° , whereas it becomes antiferromagnetic when
180° for less than half filled transition metal cations. This effect can be
semiquantitatively estimated by the theory of Kanamori and Goodenough[1]1.

On the other hand the situation is very different in rare earth metals. The
magnetic interaction in rare earth metals is not superexchange interaction but
RKKY interaction mediated by conduction electrons. The magnetic moment is
spatially localized in f-orbitals of each rare earth ion but a particular
direction in which the magnetic interaction occurs cannot be found because the
conduction electrons are distributed isotropically around a rare earth ion.

Hence the exchange path is considered to be isotropic. In addition, it should

be remarkable that the interaction is not limited between neighboring rare earth
ions. Since the conduction electron is in a delocalized state, the RKKY
interaction exerts its effect on considerably separated ions. In this case the
interaction depends strongly on the exchange path too, but only on the distance
of the path. The intensity of the RKKY interaction shows oscillation with the
distance, and consequently the ferromagnetic and antiferromagnetic interactions
appear alternately. Thus the exchange path plays an important role also in rare
earth metals.

In this paper we shall be concerned with another type of localized spin
system called the molecular magnet. In the molecular magnet, magnetic moments

are carried by molecules or molecular ions. This type of chemical modification,



in which a monatomic magnetic ion is replaced by a molecular species, is
apparently minor change but yields plenty of new characteristics. One of the
effects is that the molecular orbital which accommodates an unpaired electron
has generally a complicated shape so that the overlapping of magnetic orbitals
has preferred directions. It may cause the spatial anisotropy of superexchange
interaction, eventually lead to a low lattice dimensionality. When the overlap
is dominant in the direction parallel to a particular axis and negligible in the
direction perpendicular to the axis, it is regarded as a one-dimensional {1D)
magnet. Whilst, when the interaction in the parallel direction is negligible, a
2D magnet is provided. Although these low diménsional magne1;s had been studie’d
only theoretically in the past because of their facility of mathematical
treatments, they attract noviradays great attentions to their novel properties
distinguished from ordinary 3D magnets, e.g. sine-Gordon soliton[2], low
dimensional magnon{3], Kosterlitz-Thouless transition[4], Zp-vortex
transition[5], and the Haldane gap problem{6].

Although the molecular magnet is a good candidate of low dimensional magnet,
it is sometimes difficult to identify the low dimensional exchange path
explicitly. On the molecular surface of a magnetic species there are several
contact points with its surrounding species, which are usually either the same
kind molecules or polyatomic counter ions, and the most effective contact point
is hard to be found. Thus identification of the exchange path in a molecular
magnet is a challengeable problem. Moreover the type of magnetic interactions
(Heisenberg, XY, or Ising type) is crucilally affected by the exchange path and
cannot be predicted easily. The character of magnetic interaction is dominated
by a single ion anisotropy, i.e. the anisotropic g-factor of transition ions, in
simple salt compounds. In the molecular magnet, however, the anisotropy of g-
factor is not the only factor which determines the character of interaction.

Although many molecular magnets involve radical species with isotropic g-factor,
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Fig. 1.1  Energy level schemes :
A) Molecular orbitals of a ferrocene [9],
B) ground multiplets of a ferrocenium cation.



the Heisenberg-type interaction is not necessarily a good approximation to
describe such systems. This is because the exchange path contains intervening
orbitals of nonmagnetic species (e.g. counter ions) and the symmetry of these
orbitals reflects in the character of magnetic intera{ction[ﬂ. ‘Therefore, the
molecular magnet is a very interesting system not only from its obscure exchange
path but also from various unexpected characters such as anisotrépic exchange

interaction.

1.2 Ferrocenium Radical Cation

Ferrocene, bis(ﬂ5—cycropentadienyl)iron(II ), is a representative
organometallic compound. It is a very stable molecule and the electronic
structure has been intensively studied. In Fig. 1.1(a) drawn are one-electron
energy levels of ferrocene. The HOMO and neighboring levels are mainly
contributed from the iron d-orbitals and can be approximately regarded as pure
d-orbitals under a uniaxial crystalline field. Because of the high axial-
symmetry of a fex'roéene molecule, the orbital angular momentum associated with
them is not fully quenched. When a ferrocene molecule is subject to one-=
electron oxidation, an electron is removed from e2g orbitals (effectively iron
3d 4 2 orbitals) to produce a ferrocenium cation, [Fe(CgHs) ol*. The derivation
of the ground multiplet of a ferrocenium cation is explained in Fig. 1.1(b).
Although the zAlg multiplet, where a hole is in alg orbital, has apparently the
lowest energy, the true ground multiplet is split out from the zEzg state by the
spin-orbit interaction, orthorhombic field, and Jahn-Teller interaction[8]. If
one takes into account only the spin-orbit interaction for simplicity, the
ground Kramers doublet has the magnetic quantum number My = *5/2 arising from
coupling of the orbital angular momentum Mj, = +2 and the spin angular momentum

Mg = £1/2. In practice, the orbital angular momentum is weakly quenched by the



orthorhombic field and Jahn-Teller interaction with the same order of the spin-
orbit interaction so that the magnetic moment of a ferrocenium cation is
slightly reduced from that expected from the My value. As easily understood
from these arguments, a characteristic feature of a ferrocenium ion is its
anisotropic magnetic moment. | Z
In the present work, five compounds related to the ferrocenium radical cation
are studied by means of heat-capacity measurement at very low temperatures.
They are decamethylferrocenium tetracyanoethenide ([DMFc][TCNE]),
decamethylferrocenium tetracyanoquinodimethanide ([DMFc][TCNQ]), biferrocenium
triiodide ([BFcllg), 1/,1”/-diethylbiferrocenium trﬁodide ([DEBFCjIg), and
ferrocenium hexafluorophosphate ([Fc]PFg). All these compounds involve the
anisotropic spins of ferroce‘hium moieties and their magnetism in the solid state
is very attractive. Especially the first two compounds contain another magnetic
species, [TCNE]™ and [TCNQ]™, and hence the character of their magnetic
interaction is of great interesf. Magnetic heat capacity is an useful probe to

elucidate the interaction type and lattice dimensionality of magnetic systems.

We attempted mainly to examine these two points for each compound.



Chapter 2. Improvement of a Very Low Temperature Calorimeter
2.1 3He/4He Dilution Refrigerator

Nowadays 3He/4He dilution refrigerators have become a standard laboratory
instrument for producing ulira-low temperatures below 1 K[10]. By means of this
refrigerator one can easily obtain milli-kelvin temperatures over a long period
of time. The advantage of this refrigerator is the capability of continuous
running over several weeks without any interruption of refrigeration. This
point is superior to any other one-shot type refrigerators in this temperature
region, i.e. 3He evaporation, adiabatic demagnetization, Pomeranchuk cooling,
and so on. |

Two properties of SHe + %He mixture are utilized for the realization of
3He/4He dilution refrigerator : one is the finite solubility (6.4 %) of 3He
liquid into 41 liquid even at 0 K and the other is the endothermic effect when
3He liquid is dissolved into de liquid. As seen from the phase diagram (Fig.
2.1), the liquid mixture of 3He and %He undergoes a phase separation below the
tricritical point, 0.86 K. The dilute phase is a superfluid with main component
being 4He, while the concentrated phase is a normal fluid which has smaller
density. Since a superfluid does not contribute to the entropy, the dissolution
of 3He from the concentrated phase to the dilute phase may be‘ described as being
evaporation of SHe into "mechanical vacuum"” accompanied by absorption of heat
from the environment. In a 3He/4He dilution refrigerator 3He is circulated as
follows : SHe transferred from the concentrated phase through the phase boundary
is distilled in a still controlled at ~0.6 K and collected as pure vapor of
3He, and then put back into the concentrated phase by re-liquefaction.

In our very low temperature calorimeter[11], commercially available
refrigerator was used (Oxford Instruments, 300 MW economy type). The
refrigeration down to ~6 mK is possible when the refrigerator is operated

without heat load. The lowest temperature attainable, however, becomes ~20 mK
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when the calorimeter unit is mounted. The schematic diagram structure of the
cryostat is shown in Fig. 2.2, All the jackets are separable at the flanges
located at the middle of the cryostat. From outer side there are successively
an outer vacuum case (OVC) with rubber O-ring seal, a 77 K/shield attached to
liquid Ng bath, a liquid 4He-can, an inner vacuum case (IVC), and a 1 K shield.
The liquid 4He-can and the IVC are sealed with indium wires (1 mﬁ1¢ ). The IVC
and OVC can be independently evacuated or filled with some conduction gas. The
evacuation tube for the IVC is equipped with a radiation baffle to prevent heat
leaks as radiation in the tube. The innermost space used for accommodation of
the calorimeter has the dimension of about 150 mm in diameter and 200 mm in
height. All electrical lead wires from outside are introduced through three
hermetic seals at the top of the cryostat.

The mixed gas consisting of 98 dm3 of 4He and 18 dm3 of 3He is charged in the
3He circulation line of the refrigerator. A schematic drawing of the
circulation line is given in Fig. 2.3. When a steady circulation is once
established, pure 3He gas (~5 kPa) is supplied to a condenser attached to a 1 K
pot and liquefied there at ~1 K (vapor pressure of 3He being 1.2 kPa at 1 K).
Then the concentrated phase (virtually pure liquid 3He) flows through a flow
impedance to heat exchangers. Two kind of heat exchanger are used for efficient
thermal contact between the concentrated and dilute phases ; one is a tube-in-
tube type and the other is a sintered-silver type. Both of them have large
surface area and thin diameter to prevent convection of liquids. After heat
exchangers, the concentrated phase enters a mixing chamber in which the phase
separatio'n occurs. Consequently the mixing chamber is the coldest part in the
cryostat. 3He moves from the concentrated phgse to the superfluid dilute phase
in this mixing chamber, to which a copper cold finger (a rod) is attached to

connect with heat loads. 3He in the dilute phase then moves into the still
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(b), Sample container with inner volume of 14 cm3 [11].



through heat exchangers. This still is maintained at ~0.6 K for efficient
circulation rate of SHe (for reference, at 0.6 K vapor pressures of pure 3He and
pure 4e are ~70 Pa and ~40 mPa, respectively.). Just above the still there
is a film burner to stop the film flow of superfluid phase. The 3He vapor is
evacuated from still with a large booster pump and purified in a liquid No trap
containing activated charcoal. Because the main trouble occurring during the
operation of the refrigerator, if any, is the choking up with condensed impurity
gas, this cold trap is very important for continuous drive. At last the

pressurized SHe gas is sent back to the condenser to complete the circulation.

2.2 Calorimeter
(1) Structure of calorimeter\

The calorimeter assembly consists of a copper frame with an adiabatic shield
and a calorimeter unit (Fig. 2.4). The copper frame is fixed to a copper cold
finger attached to the mixing chamber of the refrigerator, which plays as a heat
sink of the lowest temperature. The adiabatic shield screwed to the copper
frame is equipped with a temperature control heater (75 Q) of Manganin wire
wound in inductionless fashion. These frame, shield, and calorimeter are ;all
made of oxygen free copper and gold-plated to avoid heat conductions via
radiation.

The calorimeter unit is demountable into two parts : a copper stage and a
sample container. The copper stage is suspended from the copper frame by means
of thin Nylon threads, while the sample container is screwed to the copper stage
with small amount of Apiezon N grease.

On the copper stage an electrical heater and four resistance thermometers are
placed. The heater used for energy supply to the calorimeter unit is made of

Manganin wire (0.03 mm¢ ) of 1200 Q. Although Manganin is a commonly used

material for heater-resistor, it exhibits heat capacity anomaly below ~0.2 K.
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Two of the four thermometers are germanium resistors (CryoCal, CR100 and CR1000)
and the other two are carbon resistors (Speer, 100 Q 1/2 W). Their temperature
scales have been calibrated against EPT-76 scale between 0.37 and 25 K, and
against NBS cryogenic temperature scale-1 (traceable by the /fixed—point device :
NBS, SRM-768) down to 15 mK. Resistance of each thermometer is measured by
four-terminal mode. Lead wires for electrical connections to the thermometers
and the heater go out through a tag plate placed on the copper stage. Although
oxygen free copper wires (0.06 mm¢ ) with Formvar insulation are used for all
the electric wires, short Constantan wires (0.1 mm¢ ) are inserted to minimize
heat leaks between the tag plate and a thermal anchor on the copper frame.

Two ways of heat paths; through which the calorimeter can be cooled, are
prepared on the copper stage. One is a mechanical heat-switch and the other is
a superconducting heat-switch. The mechanical heat-switch consists of a
clamping post on the stage and gold-plated copper jaws thermally connected to
the copper cold finger. At the junction between the jaws and the cold finger,
small amount of silver solder is used. If possible, other solder should be
used, for some silver solders are known to become a superconducting state with
poor thermal conductivity. Although frictional heat evolved by the mechanical
heat-switch operation has been minimized by use of Teflon lubricants, it is
still difficult to obtain the temperatures lower than 50 mK by this heat-switch.
In this regard, the superconducting heat-switch has the merit of less production
of heat on its operation. However, as our superconducting heat-switch is made
of indium, whose critical temperature is relatively low, rather large heat leak
occurs unless heat-capacity measurements are made at extremely low temperatures.
Hence this heat-switch was not used in this work in which the sample compounds
with long thermal relaxation times were mainly dealt with.

The sample container has a bucket-like shape with 3.5 cm in height and 2.5 cm
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in outer diameter : a lid with eight copper vanes and a bucket. This
accommodates sample and heat conducting medium (silicone oil or 3He gas) in
vacuum-tight fashion using indium O-ring seal (0.5 mmg ). The lid is equipped
with a copper capillary to introduce 3He gas. This capillary is usually sealed
with soldering.

The present empty calorimeter shows two heat capacity anomalies. As already
stated, one is located below 0.2 K which results from manganin heater wire[12].
The other is found at ~13 K but its origin has been unidentified. Possible

origin is a superconducting phase transition due to solders (7T;~7 K in usual
solders). |
(2) Calorimetry

Adiabatic calorimetry is~thought of as the method which provides the most
confident values of heat capacity. This method is called the heat pulse method
and based on the relation, C = P. At/A T, where C is the average heat capacity
of a system, P is the power at which the joule heat is supplied to the system,
At is the time interval of a heat pulse, and A T stands for the observed
temperature increment of the system. Since the supplied joule heat, P. Af, is
easily determined with high accuracy owing to recent development of elecﬁ‘onics,
precise measurements of accurate Value for AT are the bottle-neck to obtain
high quality data of heat capacities. For this purpose establishment of good
adiabatic condition and complete thermal equilibration are important.

In our calorimeter the environment (inner vacuum case) is evacuated to ~0.1
mPa to prevent the heat conduction through gas. Although the heat flux via
radiation emitted from high temperature wall is serious at very low
temperatures, this kind of heat leak is easily decreased to a negligible level
by utilization of a radiation baffle, a few radiation shields, and some

aluminium-foil coverings. Heat invasion through the electrical lead wires is

usually large, so that all the wires are thermally anchored at many stages and,
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mofeover, short piece of constantan wires and superconducting wires intervene
between a pair of copper wires. The most troublesome heat path is mechanical
vibrations of the cryostat. The oil rotary pumps bring about violent

vibrations., Many types of shock absorber are inserted and rﬁovable parts such as
vacuum rubber tubes and bellows are fixed’“}tightly to a heavy iron frame.

The adiabatic shield surrounding the calorimeter is utilized to .reduce the
heat leaks. Above 1 K the shield temperature is controlled to be equal to the
calorimeter temperature by means of AuFe(0.07 %)-Chromel thermocouples. Under
the optimal condition, the heat exchange is completely ceased, so that this
setup is called the adiabatic temperature control mode. Another setup is used
below 1 K because the electromotive force of the thermocouples and its
derivative are too small to feed back to the shield heater current. In this
mode the thermocouples are demounted from the calorimeter and the shield
temperature is kept constant. This is the isoperibol temperature control mode.
Even by this mode long thermal stability over 2 hours is possible.

To promote complete thermal equilibration in the calorimeter, some heat
conducting medium is enclosed in the sample container. We use silicone oil
(Toshiba Silicone, TSF-433) or 3He gas for the medium. As SHe has very low
vapor pressure below 1 K, it is inevitable to use silicone oil when heat-
capacity measurements of powdered or polycrystalline samples are made below 1 K.
Except for its poor thermal conductivity, silicone oil has many favorable
features as the conduction medium. For example, it is chemically inert for most
substances and easily mixed with powder at room temperature. In addition it
becomes a vitreous state on cboling, so that it brings about no cracks which
prevent heat conduction in the sample container. Though superfluid helium is
more desirable medium below 1 K, it is not used in this study because of

difficult treatment.
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The precision of A T values is mainly dominated by the reliability of the
attained temperature after an energy input. To obtain this final temperature
accurately, we must observe temperature drift of the calorimeter after a joule
heat input. The drift observation provides information about progression of
thermal relaxation. After fully felaxed, the final temperature is determined by
extrapolation of temperature drift by assuming a straight line which corresponds
to small amount of remanent steady heat leaks. When the calorimeter containing
a sample has long thermal relaxation time, the extrapolation procedure may
involve relatively large ambiguity. In such a case, one possible solution is to
enlarge the absolute value of AT. In our calorifnetry, typical ‘temperature
increment is chosen to be 3~10 per cent of the absolute temperature. For
example, a temperature incr.ément is 10 mK around 100 mkK.

(3) Measuring systems

Three kinds of electronic systems are prepared for heat-capacity measurements
: an energy supply system, a temperature measurement system, and an adiabatic
control system. The first system is to supply the energy to the calorimeter and
to measure the energy precisely. The main circuit of this system consists of an
manganin heater fixed to the calorimeter, a standard resistor (Yokogawa Electric
Works, Model 2792, 1000 Q), a constant d.c. current generator {(Yokogawa
Electric Works, Model 2555), and a relay switch (OMRON, G2T-8424P), which are
connected together in series. A digital voltmeter (Keithley, Model 195A) is
used for the measurement of potential drops across the calorimeter heater and
the standard resistor, and an universal counter (Advantest, TR5822) is used to
measure the time interval of a heat pulse.

The temperature measurement system is composed of an a.c. resistance bridge
(AZ A, Cryobridge Model 103) and a selector switch to choose an optimal
resistor among the three resistance thermometers attached to the calorimeter.

Owing to limited number of the lead wires, only three of the four thermometers
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can be connected to the selector switch., The measurement of resistance is
carried out by means of four-terminal method under minimized power dissipation
of the order of 1 pW. Since the cryobridge is sensitive to the line noise, the
power supply for the bridge is separated from those for othér electronic devices
by a noise cut transformer (Eigar, HIT—l.O—0.000S);

The adiabatic control system works in two distinet fashions acéording to the
kind of input sensor. As already described, there are two different temperature
control modes for the adiabatic shield : the adiabatic and isoperibol modes. In
the adiabatic mode the input sensor is 2 pairs of AuFe(0.07 %)-Chromel
thermocouples which detect the temperature difference between the calorimeter
and the adiabatic shield. The signal voltage is amplified by a d.c. amplifier
(Ohkura Electric, Model AM-1001) and applied into a home-made proportional
controller which supplies a heater current to the shield heater (75 Q). By
this method, the shield temperature is controlled to be equal to the calorimeter
temperature. In the isoperibol mode, the input sensor is a carbon resistor
fixed on the adiabatic shield. This resistor is put in one arm of a simple
Wheatstone bridge and the off-balance signal of the bridge is sent to the-
proportional controller. In this case the shield temperature is controlled at a
preset value.

In addition to them some accessory electronics are necessary for actual drive
of the refrigerator, which are a current supply for the film burner and the
still heater, a liquid helium level meter, and an a.c. bridge to monitor the

temperatures at various parts in the refrigerator.

2.3 Some Improvements of Calorimeter
(1) Pellet holder

As already stated in the last section we have used silicone oil in order to
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promote the thermal equilibration in the sample container. In spite of its poor
thermal conductivity which causes very long thermal relaxation time, utilization
of silicone oil or any other heat conducting medium is inevitable as far as
powdered or polycrystalline samples are concerned. Thus we attémpted to make
the samples a lump form to avoid the silicone oil.

An ordinary pellet maker for KBr disk in infrared spectroscopy was adopted
with an oil press. The disk-shaped pellet, which has a dimension of 2 cm in
diameter and 2 mm in thickness, was made in a vacuum under the condition of
typically 300 MPa pressurizing for 300 s. Two types of pellets were examined.
One is made of pure sample and the other is adrﬁixture of the ‘sample and metal
powder. The former method was attempted in the calorimetry of [BFc]I3 described
in chapter 7, while the 1att<;r method was adopted in [FclPFg in chapter 8. If
metallic grains contact with each other, a network of high conductivity is
established and, hence considerable diminution of thermal relaxation time can be
expected. Although gold powder is a suitable material because of its high
conductivity, low toxity, and chemical inertness, copper powder (Wolstenholme,
MD60, 44 um X 2 um) was practically used in the amount which occupies about a
half volume of the pellet. |

A pellet holder was made of gold-plated oxygen free copper (Fig. 2.5). This
holder is equipped with a rubber O-ring seal. At low temperatures this O-ring
becomes ineffectual but it is no problem because vapor pressure of volatile
components in the sample is low enough at low temperatures and decomposition of
the sample is hard to occur.

In the case of [BFc]i3, metal powder was not used because of high reactivity
of iodine. To prevent the loss of iodine by evacuation, the O-ring seal was
used. The residual air enclosed with the sample pellet served as relatively
strong elastic resistance when the pellet was mounted in the holder. This

problem may be avoided for small size pellets having enough room for air. In
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the case of [Fc]PFg copper powder was used after washing with ether and vacuum
desiccation. The sample pellet was slightly fragile. The O-ring seal was not
used since the compound is stable in vacuum. The main problem in this case was
relatively large uncertainty involved in determination of the ‘sample mass.
Uniform mixing of a sample and copper powder was assumed to estimate the sample
amount. In both cases the thermal relaxation time was reduced, fdr example,
from ~1 hour to 10~20 minutes. As a result, reliable measurements were able
to be extended to lower temperatures.
(2) Automation by personal computer

By use of a microcomputer, the data collection and the control of energy
input were automated. The-temperature control of an adiabatic shield had been
automated previously[13]. A microcomputer (NEC, PC-9801F) with a numerical
coprocessor and memory area of 640 kB was adopted as main controller. Two types
of interface were employed. One is a standard IEEE-488-1978 interface bus which
connects to the digital voltmeter and an universal counter. The other is an
interface board (Contec, PI-32 and PIO-16/16) which can accept the BCD signal of
TTL level from the a.c. resistance bridge and send out the signal to a relay box
for heater current.

Counterplan for electrical noise is important for the automation of
experiments at very low temperatures. As stated in section 2.2 the noise from
power supply was considerably reduced by utilization of the noise cut
transformer. On the other hand, high frequency noise generated by the
microcomputer arose another problem. For example, when the temperature of the
calorimeter was about 40 mkK, an apparent temperature rise of 5 mK due to self-
heating of the thermometer was observed while the microcomputer was turned on.
The greater part of the electrical noise had the frequency of 500 kHz and 25 kHz

(~24.83 kHz of horizontal scanning frequency) and was generated from the
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monitor display rather than the central unit of the microcomputer. These noises
were almost eliminated by inserting an aluminum shield plate of 1 mm thick
between the display and the a.c. resistance bridge.

Computer program was described by BASIC language because very fast
calculation was not required in our calorimetry. This program controls the
progression of a measurement and outputs all data on both a line printer and a
floppy disk. In addition this program is capable of optimizing the heater
current and the time interval of energy input. By virtue of the automation
laborsome tasks have been considerably reduced.

(3) 3He gas handling device

For chemically unstable samples, 3He gas is more favorable heat conducting
medium than silicone oil, O]nly the shortcoming of 3He is its low vapor pressure
below 1 K. Thus we used it for heat-capacity measurements of [DMFc}[TCNE] and
[DMFc][TCNQ] above 1 K.

A 3He gas handling device was newly constructed. This device is equipped
with two vacuum gauges, i.e. an ordinary Bourdon gauge and a Pirani gauge
(ULVAC, GP-2A). To save expensive 3He gas efficiently, a home-made cryopump was
connected with the device. This pump was constructed with a needle valve (Hoke,
3752H4B) and a stainless steal tube filled with activated charcoal pellets.

Gas filling procedure is as follows. A sample container is connected with
the device through a piece of copper capillary (1 mm¢ ). After evacuation of
the container, 3He gas is introduced into it with a pressure of 10~20 kPa.
Then a part of the capillary is pinched and covered with fused solder. While
keeping the solder fused, the pinched part is cut by a miniature nipper.
Residual SHe in the line is collected in the cryopump cooled by liquid 4He.
(4) Carbon resistor

One of the carbon resistor thermometers fixed on the copper stage of the

calorimeter was processed in order to obtain quick response to a temperature
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change. A part of outer insulating material and a part of ‘core carbon of the
resister (Speer, 100 Q 1/2 W) was ground off and then the ground surface was
sticked to a piece of oxygen free copper with epoxy resin {Emerson and Cumming,
Stycast 1266). This modification brought about good thermalrdiffusivity and the

temperature gap between the resistor and the calorimeter was reduced.
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PART 1I.

MOLECULAR FERROMAGNET, [DMFc]{TCNE]

Chapter 3. Previous Works and Research Interests
3.1 Molecular Ferromagnet

In the era of ancient China, ferromagnetism was already recognized in
magnetite and iron. Strictly speaking, magnetite is classified into ferrimagnet
but these two materials are typical permanent magnets up to now. Magnetite is a
kind of inorganic minerals with the formula FegOy, whilst iron is a metallic
crystal. For a long time these two categories of materials, ionic salt and
metal, have monopolized ferromagnets.

Nowadays the third catt;gory of ferromagnet, which is called "molecular based
ferromagnetism"” attracts our interests. Some theoretical models have been
proposed for the potentiality of ferromagnetism in organic or polymeric
materials, but actual substances which exhibit convincing ferromagnetism had not
been obtained until 1986, when Miller et al[1] made a breakthrough. They
prepared, for the first time, a ferromagnetic molecular charge-transfer complex,
decamethyiferrocenium tetracyanoethenide, [Fe(C5Me5)2]+[(NC)zC:C(CN)Z]”, .which
is hereafter referred to [DMFc]{TCNE]. Manganese(ll )-phthalocyanine[2-3] and
some inorganic coordination compounds[4-5] are so far only known as ferromagnets
consisting of molecules or molecular ions. The impact of the report by Miller
et al. is, however, based on its high Curie temperature (Te) and on their
proposal of a novel mechanism in which the mixing of an excited state with the
ground state may lead to stabilization of bulk ferromagnetism.

Magnetic ordering in [DMFc][TCNE] has already been studied by fneans of
magnetization and magnetic susceptibility measurements[1,6-8], 57Tpe MBssbauer
spectroscopy[6,9], and neutron diffraction{8]. The results of these previous

works will be summarized below.
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Fig. 3.1  Crystal structure of decamethylferrocenium
tetracyanoethenide [10].



3.2 X-ray Structural Analysis

The crystal of [DMFc][TCNE] has a quasi-1D structure(6,10-11], whose linear
chain is comprised of alternating s = 1/2 cations and s = 1/2 anions (see Fig.
3.1). The unit cell of [DMFc]{TCNE] belongs to the orthorhombic CmcZ2y space
group with lattice constants of a = 1.0598 nm, b = 1.6091 nm, and ‘c = 1.6566 nm
at room temperatures. Although the [DMFc]t cation is completely ordered, the
[TCNE]™ anion is disordered. Details of this disorder have not been reported

yvet.

3.3 Magnetization and Magnetic Susceptibility Measurements

In their first paper[l], Miller et al. clearly proved the bulk ferromagnetism
of [DMFc]{TCNE] by showing spontaneous magnetization in zero appliedv field below
4.8 K. Since the spontaneous magnetization in zero applied field is smaller
than the saturation moment in the presence of applied field, they thought
ferromagnetic domain formation in a single crystal, which confirms the 3D
ferromagnetism again. They also observed an well-defined hysteresis loop below
4.8 k and obtained a very high coercive field parallel to the stacking axis, Hg
~ 0.1 T[71.

Magnetic susceptibility was measured for polycrystalline sample[1,6] and for
single crystal[7-8]. Above 60 K the powder susceptibility obeys the Curie-Weiss
law with a positive Weiss temperature of +30 K indicating that dominant
interaction (i.e. intrachain interaction) is ferromagnetic. The deviation from
the Curie-Weiss behavior below 60 K is well approximated by a s = 1/2 1D
ferromagnetic Heisenberg model[12] down to 16 K. Below 16 K the 1D model cannot
describe the powder susceptibility data and this fact suggests an effect of the

bulk ferromagnetism.

27



Single crystal magnetic susceptibility revealed a magnetic anisotropy in the
[DMFc][TCNE] crystal. The 1D Heisenberg model with ferromagnetic coupling,
which was apparently adaptable to the analysis of powder susceptibility data,
was again used to interpret independently the susceptibilities parallel and
perpendicular to the stacking axis. Although the Heisenberg interaction is
isotropic in the sense that J" =J), its use for an anisotropic system such as
the present salt is justified by assuming the orthogonality between the
fluctuation components parallel and perpendicular to the stacking axis. The
analysis for each direction provided the exchange interactions of Jy/kp ~ 27.4
K and J; /kp ~ 8.1 K, which correspond to z- and Xy-compononts of intrachain
exchange interaction.

The ferromagnetic phase; transition at 4.8 K has also been discussed, as a
critical phenomenon, both for the magnetization and magnetic susceptibility.
The critical exponent for magnetization, M cc (-1 '3’, was f’'~0.5. This
value agrees well with the mean field approximation. Another exponent, &,
defined as M oc H1/d was also obtained to be § ~4.42 from the magnetization
parallel to the chain axis at T.. Magnetic susceptibility provided the exponent
Y ~1.2 for x o« (T-TQ ~7 in both the cases parallel and perpendicular to the
chain axis below 16 K. As the magnetic susceptibility could not be fitted to
the Kosterlitz-Thouless scheme, x o exp(bt?h, Chittipeddi et al. concluded
that a dimensional crossover phenomenon occurs directly from 1D to 3D without

intervening 2D scheme.

3.4 97Fe M8ssbauer Spectroscopy

The most striking feature of 5Tpe MYssbauer spectra of [DMFc][TCNE] was zero-
field Zeeman splitting observed even up to 20 K[6,9]. Below the Curie
temperature spontaneous magnetization brings about six peaks in the M8ssbauer

spectra, corresponding to 5TFe nuclear spin in a single internal hyperfine field
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of 42.6 T. This split double-triplet does not vanish even above the Curie point

4.8 K and is clearly resolved up to 9 K. Owing to line broadening the spectra
appear to be composed of two components, sharp and broad ones, above 9 K but the
hyperfine splitting still persists.

This unusual behavior is partially due to slow paramagnetic relaxation of
single ion and Miller et al. noted that the hyperfine splitting observed in zero
field, i.e. slow relaxation, is a novel phenomenon because the transition
between Mg = * 1/2 in a low spin Fe(lll) is fully allowed and normally rapid
under zero field in contrast to the relaxation in the ground Kramers doublet Mg
= + 5/2 of a high spin Fe(lll). The ground doublet Mgz + 1/2 of [DMFcTt
cation is made up of low symmetry splitting of 2p 2g state, so that rapid spin-
lattice relaxation is presumably allowed through spin-orbital interaction in
most cases. It is guessed that this novel slow relaxation has close connection
to the strong spin correlation effect responsible for 10hg wave length modes,
known as the long time tail (LTT) behavior in ESR of low dimensional magnets.

In addition to the slow relaxation, there is another candidate to explain the
M8ssbauer line width. It is the line broadening by soliton excitation (i.e.-
moving domain wall). Miller et al[13] insisted that the dipolar field arising
from neighboring radical anions is not enough to explain the observed
relaxational broadening and they tentatively attributed this broadening to the
soliton effect. Excess line width due to soliton is known to obey T' o
expl Eg/ kg T] for 1D antiferromagnet and I' e exp[-Eg/kp7T] for 1D ferromagnet
with XY-type exchange interaction, where Ey denotes rest energy of a
soliton[14]. Further investigation is necessary to obtain clear conclusion for
this problem.

M8ssbauer spectroscopy provides another information about the anisotropy of

[DMFc]t cation which possesses a large contribution of orbital angular momentum.
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As stated above, 57TFe nuclei feel a strong hyperfine field of greater than 40 T.
This value is much larger than 11 T expected for the Fermi contact term of an
electron spin sitting on the iron nucleus. Thus a large orbital contribution is
obvious. Such a large orbital contribution is attributable either to highly
anisotropic single ion or to magnetically ordered state behavior. This question
can be examined by means of high-field M8ssbauer spectroscopy[9]. When an
external field is applied longitudinally, an isotropic ion exhibits a large
diminution of the second and fifth peaks of a typical six-line Zeeman pattern
(i.e. AMr= O transitions). In contrast, anisotropic ion does not exhibit such
behavior. In the case of [DMFc][TCNE], no obsefvable polariza£ion—diminution of
the AM7= 0 transitions was detected up to Hp= 9 T. This fact coincides with

the large anisotropy of single crystal susceptibility.

3.5 Neutron Diffraction

Neutron diffraction study was done for deuterated polycrystalline sample
using 14.7 meV neutrons[8]. Comparison between diffraction patterns recorded at
1.5 K and at 7.5 K demonstrates remarkable enhancement of the intensities at the
scattering angles corresponding to d-spacings of 0.5235 nm and 0.3359 mr; arising
from the magnetic Bragg scattering. This observation again evidenced the
appearance of ferromagnetic ordering.

The intensities of two magnetically enhanced peaks were tried to fit I o
(TC—T)Z'B with a critical exponent £. Although the observed values have not
allowed to estimate accurate value of g, Chittipeddi et al. have thought that

the variation of the intensities with temperature is not structural in origin.

3.6 Proposed Mechanism for Ferromagnetic Interaction
Magnetic interactions in [DMFc][TCNE] were compared with those of related

complexes with the alternating anion-cation columnar structure in terms of
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cation spin, anion spin, molecular symmetry, and electron configurations. As
the result, it has been concluded that stabilization of the bulk ferromagnetism
is due to admixing of the ground state with a virtual charge~transfer excited
state (see Fig. 3.2)[15]. This mechanism is built up on the b;':lsis of

McConnell’s model[16] and contains an electron transfer process from the ezg3
configuration cation to non-half-filled partially occupied MO on the anion.

This type of electron transfer produces the lowest excited state with the same
spin multiplicity as the ground state, so that the excited state can stabilize

the ground state by mixing. Generalized Hubbard model was used to examine the
competition between various excited states arising from back and forth charge
transfer. On the basis of this model, effective exchange interaction can be
estimated as the sum of all possible excited states, J ~ 3 g nz/A Ey, where £,
is a transfer integral and A Ep shows the energy necessary for the charge
transfer. As this quantity, J, can in principle be evaluated, generalized
Hubbard model provides a useful clue to the modification of molecular and

crystal structures to enhance the ferromagnetic coupling.

3.7 The Objectives of the Present Study

Heat capacity is one of the macroscopic physical quantities obtained as a
bulk property of a given system. In this sense, heat capacity measurement is a
most suitable experimental method for the identification of "phase" and the
detection of "phase transition" in thermal equilibrium states. As Miller et
al[6] pointed out, a more precise value for Tc should be decided because it is
essential for the analysis of critical phenomena and for detailed examination of
the reason for the unusual M8ssbauer line width. One of the objectives of the
present study is to determine precisely the phase transition temperature.

In addition, heat capacity is very sensitive to the nature of spin-spin
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interaction, i.e. the type of exchange interaction and the dimensionality of
exchange paths. These effects reflect on the shape of heat capacity against
temperature curve. This study also aims at elucidation of the character of

spin-spin interaction in this interesting molecular ferromagnet, [DMFc][TCNE].
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Chapter 4. Experimental

4.1 Preparation

(1) Preparation of 1,2,3,4,5-pentamethylcyclopentadiene
1,2,3,4,5-pentamethylcyclopentadiene, the ligand moiety of

decamethylferrocene, was prepared according to the méthod by Threlkel et

al[17). As shown in Fig. 4.1, two step reactions are involved. First, 3,4,5-

trimethyl-2,5~heptadien-4-cl was prepared by the reaction of ethylacetate with

2-butenyl-2-lithium in ether. Next step is dehydration of 3,4,5-trimethyl-2,5-

heptadien-4-ol by acid catalyst.

The yield, 32 %, was considerably lower than‘ the reported ;Dne (75 %). The
product was identified by lH NMR and elemental analysis. Anal. Calcd for CygHig
. C, 88.16; H, 11.84 %. Four;d ¢ C, 85.04; H,11.65 %.

(2) Preparation of DMFc (decamethylferrocene)

At first, the preparation of DMFc was carried out by the method of King et
al.{18]. This method is based on the reaction of iron(Il ) chloride and lithium
pentamethylcyclopentadienide in THF. By this method the yield was only 10 %.
The reason was thought of as the reductive elimination of excess butyllithium,
Fe(ll) + 2BuLi - Fe(0) + Bug+ 2Li* Thus quantitative production of lit};ium
.pentamethylcyclopentadieﬁide and complete elimination of excess butyllithium are
essentially important. Butyllithium has high reactivity in THF solution since
it exists as monomer form in polar solvent and sometimes gives rise to by-
products based on over-deprotonated alkyllithium. More mild reaction in non-
polar solvent, where butyllithium forms aggregates, is favorable for
quantitative production of lithium pentamethylcyclopentadienide. We mixed
pentamethylcyclopentadiene and butyllithium in hexane at 0 °C and warmed up to
room temperatures to allow the deprotonation reaction. Then the reaction
mixture was evaporated to dryness. A THF solution of this solid was used for

reaction with iron(Il) chloride. The yield of DMFc in this case was the same as
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reported wvalue, 57 %.
(3) Charge-transfer reaction of DMFc and TCNE (1,1,2,2-tetracyanoethene).

The last step of the preparation, CT reaction of DMFc, was carried out by
Miller’s method[6]. They proposed two methods in their pape’r : (a) low-
temperature crystallization of the acetonitrile solution containing the neutral
donor and acceptor, and (b) slow diffusion in a three—compartment' cell filled
with THF. The method (a) yields initially the solvated salts and it turns to
the desolvated polycrystals via vacuum desiccation. On the other hand, the
method (b) yields small amount of single crystals with good quality. Since heat
capacity is a non-tensor quantity, polycrystalline sample is énough for the
purpose of heat-capacity measurements. Therefore, we adopted the method (a) for
the sake of ofieasiness for large scale preparation.

Prior to preparation, the solvent, acetonitrile, was refluxed with CaHy (4
g/1) for 4 hours. Hot acetonitrile solution of DMFc (typically, 2 g/200 ml) was
added to acetonitrile solution of TCNE .(0.79 g/5 ml) and then the mixture was
evaporated to dryness. The crude product was recrystallized from acetonitrile
solution with concentration of 2.5 g/100 ml at -25 °C. Obtained dark green
crystals were evacuated for a few hours to give pseudomorphs with large needle
shape. All procedures were carried out in a glove box and Schlenk apparatus
filled with argon gas[19]. The yield of recrystallization was 66 %.

This compound is very sensitive to air. The reaction of TCNE anions with
oxygen or water forms [(NC)2C=C(O)CN]~ or [C3(CN)5]". To check the admixture of
such impurities, the product was identified by means of elemental analysis and
IR spectrum measurement. Thé result of elemental analysis is given in Table
4.1, showing fairly well agreement with the calculated value for the TCNE salt.

IR spectrum also supported the absence of oxidized anions because the absorption

band for C=N stretching was observed at a frequency nearer to the [TCNE]™ anion
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than to the [C3(CN)5]™ anion (see Table 4.2).

4.2 Very Low Temperature Calorimetry

In usual cases polycrystalline samples are mixed with heat conducting medium,
silicone oil, in the sample container as described in chapter 2. However, since
the present compound is extremely sensitive to oxygen and water,. it is incapable
of mixing with silicone oil because complete removal of water from silicone oil
is difficult. Hence we used SHe gas as heat exchange medium in the sample
container instead of silicone oil. A shortcoming of this medium is adsorption
on the surface of powdered sample below about 1 K, which cal;ses diminution of
active carrier molecules. Fortunately, as the Curie temperature of [DMFc][TCNE]
is about 4.8 K, heat capacit;es above 1 K are enough to examine thermodynamic
properties of the magnetic anomaly.

Bleaney et al.[20] reported a heat capacity measurement using SHe for heat
exchanger between 0.45-20 K. They used about 20 kPa of 3He at room temperature.
The contribution of the 3He to heat capacity becomes ~1 mJ K-1 when the cell
volume of 10 cm3 and no adsorption are assumed. The heat capacity of this
magnitude may be comparative to the lattice heat capacity of a few gram of
sample at ~1 K. We used the same order of JHe gas as Bleaney et al., i.e. 11.3
kPa of 3He in 14 cm3 sample container.

Sample mounting procedures were made in a glove box under argon atmosphere.
As exact weighing of the sample cannot be done in the glove box, determination
of the amount of sample was made again after heat capacity measurements by
weighing the sample container with and without the sample. In this way the

sample weight was finally estimated to be (4.4636+0.01) g (= 0.0098231 mol).
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Table 4.1 Elemental analyses for [DMFc][TCNE].

C H N

Calecd [TCNE]™ salt 68.72 6.65  12.33
[C5(CN) 1 salt 68.30 6.14  14.22
[(NC),C=C(0)CN]™ salt 67.57 6.80 9.46

Found crude ' 68.66 6.72  12.25
68.57 6.62  12.26

recrystaliized

Table 4.2  Comparison of vibrational frequencies.
w(C=N) / em” v(cee) / em”!

[TCNQT™ 2153 2179 —

[TCNE]™ 2144 2183 —

[C3(CN)5] — 2196 1500

Found 2157 2195 not observed




Chapter 5. Results and Discussion
5.1 Heat Capacity at Very Low Temperatures

Heat capacities of [DMFc][TCNE] in the temperature range 1-25 K are tabulated
in Table 5.1 and shown in Fig. 5.1 on a logarithmic scale. A anomalous heat
capacity peak was found at 4.74 K. This transition temperature is slightly
lower than the Curie temperature already reported, ‘TC = 4.8‘ K[6]. The Curie
temperature determined by the present calorimetry is more reliable because the
temperature measurements were made by confirming thermal equilibration under
precise temperature control. The small discrepancy may be attributable to the
difference between polycrystalline and singly crystal samples. |

The phase transition peak has a cusp-like shape and no indication of latent
heat. The transition behavgor bears a resemblance to an anomaly derived from a
mean field approximation. Mean field behavior was also observed in temperature
dependence of the magnetization[7]. Accordingly, the critical fluctuation is
not so dominant in this higher-order phase transition. This aspect does not
conflict with the fact that in the vicinity of phase transition the thermal
relaxation time did not exhibit any remarkable elongation, which is expected
from critical slowing down. |

Since there are no reported evidences of strong spin-lattice coupling, one
can regard the observed heat capacity as being a superposition of magnetic
contribution and independent contribution from lattice vibrations. To examine
the magnetic part closely, separation of these two contributions was attempted.
A normal heat capacity curve was roughly estimated by a curve-fitting method in
the range 10-25 K after subtraction of a guessed high-temperature tail of the
magnetic contribution[21]. The estimated normal part, Cp(normal), has the
following temperature dependence,

c

p(normal) = 7.056 Cy(Debye, 49 cm"l) + 75.86 C{(Debye, 240 cm‘l),

where Cy{(Debye, ¥ ) stands for the Debye molar heat capacity having Debye's
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characteristic temperature of hc¥'/kp (h, kp and c being the Planck and
Boltzmann constants and the speed of light in a vacuum, respectively). The
normal heat capacity estimated tentatively is shown in Fig. 5.1 by a broken
curve,

Generally more reasonable estimation can be made by use of vibrational
spectroscopic data and heat-capacity data at higher temperatures where the
magnetic part has a negligible contribution. For this purpose heat-capacity
measurements were extended up to 320 K, whose resulis are given in Table 5.2.
Curve-fitting procedures were again applied[22]. This lead to many normal heat-
capacity curves which can excellently reproduce the observed heat capacities
between 30-320 K. Many kinds of excess heat capacities at low temperatures were
obtained by subtracting these normal heat-capacity curves. However, the excess
heat capacity below 30 K depended strongly on the choice of normal heat-capacity
curve. The unsuccessful extrapolation of normal heat capacities indicates that
inclusion of data down to ~10 K is necessary to obtain a conceivable fitting
result, though such a procedure induces extra ambiguity because of large
contribution of the magnetic part which must be estimated on a assumption, and
degrades the reliability of resulting excess part. Therefore we decided to use
the normal part described above, which are composed of two Debye heat
capacities.

The excess heat-capacity curve is given in Fig. 5.2 against logarithmic
temperatﬁre. A characteristic feature other than the phase transition at 4.74 K
is a remarkable hump centered at 8.5 K. This large hump is hidden by the
overwhelming lattice heat capacity and hence can hardly be seen in the observed
heat capacity shown in Fig. 5.1. Obviously the hump corresponds to the strong
short range order characteristic of the 1D stacking structure in the present

compound.
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To calculate the magnetic entropy, the excess heat capacity involving both
the anomalies was iﬁtegrated with respect to In T. The entropy acquisition
process is shown in Fig. 5.3, From this figure one can know the saturation
value Sgxcess = (12+1) J K1 mol"l and the critical entropy S = 1.46 J k1
mol~1, which is defined as the entropy gain up to the critical temperature T, =
4.74 K. The value of Sgxcegs is well approximated by 2 R1ln 2 (= 11.53 J K-1
mol‘l), so that we can conclude that the excess heat capacity arises solely from
magﬁljlg’gig Qrigin and contains no other degrees of freedom. In addition, this
excellent agreement with 2 R In 2 confirms that the ‘charge transfer from the
donor [DMFc] to the acceptor [TCNE] is complete‘ and that the i)resent compound
consists of a spin 1/2 cation and a spin 1/2 anion. The fraction of Sc in
Sexcess 1S only ~0.12, whic}l is very small in comparison to ordinary 3D Ising

magnet 0.75-0.85 or Heisenberg magnet 0.6-0.7. This observation demonstrates

the dominant short range order effect above the Curie temperature.

5.2 Anisotropic Character of Magnetic Interaction

The Hamiltonian describing exchange interaction between two spins i and Jj has
the form,

Hjj = =2J) (§SF + §Sy) -2J) S7PSF,
where J| and J| stand for exchange interaction parameters perpendicular and
parallel to the molecular axis z, respectively, and SZ is the a-component of
the spin operator for the i-th spin. This Hamiltonian accounts for magnetic
properties of a material : positive J corresponds to a ferromagnetic interaction
while negative J provides an antiferromagnetic interaction. Moreover, this
Hamiltonian describes anisotropy of the magnetic interaction. Three types of
interaction with different symmetries are discriminated : the Ising, Heisenberg,
and XY types. For the Ising magnet spins interact only with their z~components

and J; vanishes. The XY magnet is characterized by J“ = 0 and hence this may
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be called a planer magnet. As an intermediate case between the Ising and XY
magnets, the Heisenberg magnet has the so-called "isotropic" interaction J =
J|| + The terms "isotropy" or "anisotropy" do not stand for spatial symmetries
but the symmetries with respect to interaction strengths along the spin
component directions. In actual substances the Ising or XY type anisotropies
are caused fr_orn anisotropic g-value and/or crystalline field anisotfopy. In
this section we shall focus on the Ising anisotropy which turns out to take an
essential role for the magnetism of [DMFc]{TCNE].

In order to interpret the heat capacity hump centered around 8.5 K, the high-
temperature expansion of a 1D spin 1/2 isotropic Heisenberg ferromagnetic model
[12]) was first applied to the present complex, because Miller et al.[6-7]
adopted this model for the analysis of their magnetic susceptibility data. It
turned out, however, that agreement between the observed values and this model
is poor (see the curve (a) in Fig. 5.2). More appropriate is rather Bl8te’s
numerical treatment of an anisotropic Heisenberg chain[21]. The Ising type
magnetic anisotropy inherent in this compound has already been suggested from
magnetic susceptibility data for single crystals [8]. When the anisotropy of
the magnetic interaction is relatively weak, the deviation of the heat capacity
curve from the isotropic case, Jy /J" = 1, is obvious. However, if the
magnetic interaction has a strong Ising character, say, J /J" < 0.5, it is
practically difficult to discriminate its heat capacity curve from the case of
the pure Ising chain, J; /J" = 0. This is the case for the present complex
(see curves (b) and (c) in Fig. 5.2). Taking into account the ambiguity
involved in the estimated norrhal heat capacity, we can only conclude that there
exists a really strong Ising type anisotropy of the order of Jy /J" < 0.5 in
the present complex. This conclusion derived from the present calorimetric

study coincides well with J /J" ~ 0.30 derived from the magnetic
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susceptibility for single crystals [8].

In many cases the anisotropic exchange interaction is caused by the
anisotropic g-value. This is easily understood according to the theoretical
treatment by Abragam and Bleaney[23], in which isotropic J multiplet resulting
from LS coupling is reduced into an anisotropic effective spin subspace via
crystal field splitting. At first, isotropic exchange interaction is considered
in the true spin space : H = -2JS;- Sj.  Through spin-orbital coupling this
1S£)Froplcsp1n angular momentum S is combined with an orbital angular momentum L
to provide a resultant angular momentum J. As far as only the ground J manifold
is concerned, the spin S can be projected onto J so that S = (gs-1)J, where gy
is the Landé g-factor. This projection remains the symmetry of the interaction
unchanged : H = —2J(gr1)2‘..71-~ Jj. Crystalline field anisotropy, however, acts on
the ground J multiplet to give the ground state with effective spin s and with
the degeneracy of 2s+l. Generally speaking, this ground state is no longer
isotropic and has an anisotropic g-factor, g, whose principal values are gy, gy
and g, Therefore, J can be replaced by g- s/ g so that the exchange
Hamiltonian can be rewritten as H = —ZJ(l—l/gJ)ZSj° P 5j = -2sj- 7. sj By
this argument, it turns out that the anisotropy of the exchange interaction can
be represented in terms of the anisotropy in the g-value as
Iy /) ~ (gL /g) )2

The anisotropic nature of the exchange interaction in [DMFc]{TCNE] is also
understood by application of the above discussion. The magnetic interaction
under consideration is the one between [DMFc]t cation radical and [TCNE]™ anion
radical in the direction of mixed-stack axis. This causes strong short range
correlation as seen from the hump of heat capacity or the 1D magnetic behavior
of magnetic susceptibility. As the interchain interaction is very weak, it is

neglected at this stage. In the above discussion, the orbital angular momentum

L has a finite value. It is this L that introduces anisotropy into the
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isotropic exchange in the spin only case. In this respect, [TCNE]™ radical

cannot be responsible for an origin of the anisotropic exchange because of its
ngg ground state. On the other hand, [DMFc]t radical has the ground state zEzg
and thus this may be responsible to the observed anisotropy. Even though this
ground state is affected by the Jahn-Teller effect, the orbital angular momentum
would be quenched only weakly, if any, and become an origin of the anisotropic
g-factor. For the present complex, the relétion between anisotropies in the
interaction and g-value should be read as JL /J|| ~(gL /g" ) DMFc* '(g_l_ /g ") TCNE *
The [DMFc]t radical has extremely anisotropic g-value (g; = 1.35, g =

4.43){24], while the [TCNE]~ radical has isotropic g-value (g = g =

2.0)[25]. Consequently the -magnitude of interaction anisotropy is expected to

be J; /J" ~0.30. This value exhibits excellent agreement with the value

obtained from single crystal susceptibility and is consistent with the present
calorimetric study. Therefore, we can conclude that the Ising character

observed in the intrachain interaction arises mainly from the single ion

anisotropy of [DMFc]t cation radical.

5.3 Magnetic Excitations in Ordered Phase

Close examination of the character of magnetic elementary excitations
provides a useful information as tQ what kind of magnetic interaction is exerted
between spins. For example, magnetic interaction with continuous symmetry
(Heisenberg- or XY-type) causes a collective excitation mode called spin wave,
while pure Ising-type interaction give no spin wave but static domain wall for
lack of the terms like Sj"'Sj’ i‘esponsible for wave propagation.

Johnson and Bonner[26] studied the excitation spectrum and low temperature
thermodynamics of the Ising-Heisenberg linear ferromagnet and found that the low

temperature heat capacity behaves as if thermal excitation had a spin-wave
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character for Jy /J|| > 3/5 or a bound-state character for J /J" < 3/5
although there exists an energy gap for any value of Jy /J" between 0 and 1.
This is the reflection of the behavior of thermal excitation energy gap which

obeys the following relations,

AE '—’,(JHZ—JJ_Z)l/z for 0 £ J; /J" £ 0.6
and
AE = Z(J"-J_L) for 0.6 £ J) /J" < 1.

In spite of such a crossover phenomenon, the symmetry of the interaction
Hamiltonian remains unchanged with respect to a change in the linear parameter
J /J" .

They also provided the expression for the low temperature heat capacity,

C/R ~ (1|2 -7, 2 )/ (kgD - exp[~(J) 2 -7y 2)1/2 /Ky,
Comparison between this expression and the excess heat capacity of [DMFc][TCNE]
'is made in Fig. 5.4, where J" /hkp = 32.56 K and Jj /kg = 16 K are used. The
observed heat capacity obviously exhibits characteristic behavior
distinguishable from that of spin waves, which obeys a power law of temperature.
Agreement between the observed heat capacity and the equation given above is
very well over more than two decades of the temperature, so that we caniconclude
that the dominant thermal excitation in the present complex is obviously the
bound-state type.

In their discussion, Johnson and Bonner are concerned mainly with the
excitation spectrum and do not refer much to the dynamics of excitations. They
only suggested a connection to the non-linear Schr8dinger equation as the
quantum soliton problém in the linear chain ferromagnet. Thus the "bound state"
described above needs not be confined at a certain point on a chain but can
propagate throughout a chain as the soliton. The bound-state character simply

stands for the existence of an excitation gap. Solitons may be generally

regarded as being a multi-magnon state because they involve many flopped spins.
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Thus the bound-state character can be also interpreted as a bound-magnon state.
Soliton in 1D Ising ferromagnet is a subtle effect in contrast to the
antiferromagnetic case, because introduction of Sj"'Sj‘ terms to an
antiferromagnetic Ising chain makes a domain wall movable (Vﬂlain mode), while
such terms can not provide transferability to a ferromagnetic domain wall of
Ising chain[27]. Thus soliton in 1D ferromagnet must not be a siniple moving
domain wall but rather complicated excitation. Nevertheless, the existence of
soliton excitation in a ferromagnetic cﬁain is theoretically predicted for the
Heisenberg model with local anisotropy[281, which relates closely to the present
complex. 5TFe M8ssbauer spectroscopy has showed the possibility of soliton
contribution to the line width for this compound[6,13]. The strong Ising
character suggested by the present heat-capacity measurements, however, requires
relatively thin thickness (close to the intermolecular separation) and low
propagation velocity for soliton excitation, hence less contribution to spin

relaxation. This discrepancy waits further investigations.

5.4 Estimation of Interchain Interaction

The ferromagnetic phase transition at 4.74 K is obviously a manifestation of
the exchange interaction between columns consisting of alternating cation and
anion arrays, because pure 1D system cannot bring about a long range order at
finite temperatures. This interchain exchange interaction, Jinter: is much
weaker than the exchange in a column, Jiptpa, which was already discussed and
estimated in section 5.2. Note that J| and J; in the last section stand for
the z- and xy-components of the intrachain exchange interaction Jjtpa,
respectively. In this section, a rough estimation of the interchain interaction
is attempted by use of a mean field approximation. According to Scalapino et

al.[29], the interchain coupling is replaced with a mean field. Then the
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resulting 1D problem can be solved exactly for the Ising and Heisenberg cases.

The Hamiltonian of the system with weak coupling between the chains is given
by the following equation :

H=- 2% ( 2Jintra Sm,nS m,n+1 * 2Jinter Sm®ml,n*t A Spn)s
where Sp , denotes the spin operator of the n-th spin on the m-th chain and h is
an external field represented with dimension of energy. This Hamiltonian is
then reduced to the mean field Hamiltonian for the m-th chain,

Hp = - 2 ( 2Jintra ShiSn+1+ B’ Sp),
where the mean field h’ = h + 2zJj,ter<S> is introduced with the coordination
number z of a chain and the expectation value <S> of single spin operator Sj.
The m-th chain is magnetized by the mean field A’ This relation is expressed
as follows invoking the maénetic susceptibility x 1p of a spin on an isolated
chain :

<S> = x1p* W' =x1p* {h + 22Jiptef S} .
This expression gives the following linear response <S> with respect to the
external field h :

<S> = h- {x1p / (1 - 2z2Jipnterx1p)} = h- x (D).
The divergence of x (7T) is expected for a ferromagnet at T = T,. Hence the
denominator of x (7) must vanish at T = Tey as x 1p(T) has no singularities at
finite temperatures. Thus the critical temperature T is given by

1 - 2zJinterx 1D(Tc) = O.
From this equation one can estimate Jinter = [22x 1p(Tc)] -1

The magnetic susceptibility x 1D for an isolated chain can be solved exactly
for several 1D magnetic systems. For the 1D Ising model with ferromagnetic
coupling J, magnetic susceptibility is given by[30]

x1p(T) = (SZ/IfBT) exp[4J.5‘2/kBT].
For the 1D Heisenberg model with ferromagnetic coupling J, the corresponding

relation is expressed as follows[31] :
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x1p(T) = (S2/3kgT) (1+u)/(1-u),
where u means the Langevin function u = coth[ZJSZ/kBT] - I(BT/ZJSZ. In addition
S2 was put equal to 1/4 because above two expressions of x 1p was provided for
classical systems. Following above discussion the interchain interaction was
estimated to be Jjnter/kp = 4.9 mK for the Ising case and Jinter/fp = 0.97 K for
the Heisenberg case by using T .= 4.74 K, Jipntra/kp = 27.4 K[8], and assumed z =
6 (See Fig. 5.5). These two values are regarded as being extreme cases and the
real value may be between the two. The interpolation formula for the Ising-
Heisenberg 1D ferromagnet{26] is available to estimate more plausible wvalue,
which becomes

x1p(T) ~ (S%/kpT) expl452(J) 2~ 2)1/2/kpm,
when the anisotropy of magnetic interaction J" /J| is large. If we adopt the
anisotropic interactions determined from single crystal susceptibility, J| /kB =
27.4 K and J; /kp = 8.1 K, we obtain Jipter/kp = 6.3 mK. This value is the most
realistic one in this mean field approach.

To examine the validity of this approach a comparison with exact solution was
made for the 2D Ising quadratic model. Onsager’'s exact solution for 2D Ising
model provides the value Jinter/kp ~ 29.3 mK by the equation,

sinh(Jinter/ kg Te) sinh(Jijptra/kpTe) = 1,
which can be reduced to kpT./Jipter = (1/2) explJintra/ kg Tc] under the condition
of Jintra®kp Tc > Jinter» For the same 2D model the mean field approximation
provides Jinter/kpg = 14.7 mK when the coordination number is z = 2. Hence the
mean field approach provides just a half value of the exact solution. This is a
common behavior to mean field approximations. In many cases mean field
approximations bring this tendency from their intrinsic character : neglection
of fluctuations causes rather high estimate of critical temperature for a given

system. That is, the overestimation of critical temperature is equivalent to
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the underestimation of microscopic interaction strength. From the result of
above test, the mean field estimation v;fas confirmed within a factor of ~2.

It can be concluded that [DMFc][TCNE] has strong anisotropy in its magnetic
lattice structure, Jinter/Jintra ~ 0.0002, in addition to extreme Ising

anisotropy of magnetic interaction, J" /Jy ~ 3.

5.5 Heat Capacity at Higher Temperatures

Heat capacities were also measured in the temperature region 25-320 K for the
purpose of reliable estimation of the lattice heat capacity (Table 5.2). In
this study two phase transitions were newly fouhd at 248.7 K and at 281.8 K. To
separate the anomalous heat capacities from the contribution of lattice
vibrations, a normal heat c{glpacity was estimated by invoking the effective
frequency-distribution method[22]. Excess heat capacities around these phase
transitions are shown in Fig. 5.6. The anomaly centered at 248.7 K exhibits
rather sharp peak tailing to low temperatures, while the anomaly around 281.8 K
seems to be a broad cusp. Heat capacity near 295 K has small waving caused by
incomplete cancellation of the contribution from Apiezon L grease used in cell
sealing. |

The excess enthalpy and entropy arising from these two anomalies were
calculated to be AH = 3320 J mol~! and AS =128 J X ~1mol ‘} respectively.
These values are too large to attribute the anomalies to impurity effect, if
any. As shown in Fig. 5.6 the two anomalies were tentatively separated by a
straight line and the respective transition entropies were obtained as follows :
AS ~ 59 J K-l mol-1 for the low temperature anomaly and
AS ~ 7.0 J K~ 1mo1-1 for the high temperature one. Both values are close to R
In 2 (= 5.76 J K-1 mol‘l), suggesting these phase transitions are of order-
disorder type in nature.

Several candidates responsible for these phase transitions are easily listed
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up, for example, cooperative Jahn-Teller phenomenon, neutral-to-ionic phase
transition, and orientational order-disorder phenomenon. Cooperative Jahn-
Teller phenomenon likely occurs in [DMFc]*t .cation‘s,, which have the
electronically degenerate ground state 2g 2g and must have é vibronic coupling
leading the exE Jahn-Teller effect. It is pointed out that Jahn-Teller species
on a quasi-1D lattice may have a partially disordered phase[32] or undergo a
commensurate-incommensurate phase transition[33], so that it may provides a
explanation of successive phase transitions. Neutral-to-ionic phase transitions
are sometimes induced in charge-transfer complexes by varying temperature or
pressure[34]. Orientational order-disorder transition is most plausible
candidate because a disorder in [TCNE]™ anion was reported from X-ray structural
analysis at room temperature and at -40 °C[6]. Such a disorder has a potential
to cause a phase transition within its ordering process. It is, however,
incomprehensible that the disorder of [TCNE]™ anion was observed not only at
room temperature but also at -40 °C in spite that the both transition
temperatures, 248.7 K and 281.8 K, are higher than -40 °C. Further

investigations, especially structural analysis below 200 K, are necessary.

57



001L°9 69G6€° ¥ Siv8°2 vies e 8229°82 LOVS ET gyse¢ 06€8°¢ v6€2°62 ZLey el

9vEE" 9 601E°¥ LLIE 2 0186°¢ G68L° 92 LLZTE1 652L°2 2669°¢ 6629°¢2 g€GL8° 11

GZL6"S 6592V ¥828°1 eivv ¢ 9051°92 192L°21 80L1°2 £€9¢6°¢€ v911°22 €oge" 11

¥809°§ Lizz'v 88LY T 190¢°¢ yvee vz 99¢€€°21 8929°1 099¢°¢ 82¥8°02 £€518°01

brie-g GLLT Y G661° 1 o9Ll"¢ vgegtee G9G6° 11 ¥vse-1 9202 ¢ 2v89°61 v8L£°01

9€00° G 8EET ¥ 6266°0 LBVO € L118°22 6¥8G°TL 6966°0 6LV0°¢€ 6€2L°81 €L66°6

82€L° ¥ 9060°¥ €2LL°0 06262 8268712 vvzz-t1t €LEL"O 2868°2 TLE9 LY 826S°6

8¥Lv vV LLVO' Y 9219°0 1A A% A 9868°02 Lv18° 01 6965°0 996.L°2 1¥9°91 £€G91°6

¥881°¥ S500° ¥ 18160 900L°2 €0L6°61 €9€5°01 9EEV" 0 68192 1269°GT Z286L°8

2€06°¢€ 6876°¢€ 960¥°0 866G°2 261I1°61 6L02°01 G2Z€°0 L88%v°2 998L°FT 62¥v°8

G11G°¢ £€GL8°¢E 890¢°0 056¥°2 ¥5€€°81 88886 GOEZ" 0 169¢€°2 0226°¢€1 1660°8

vivi-¢g LS6L € 8€62°0 016272 9I1IS° LI 66L57°6 gs81°0 GEve'z 0¥60° €1 2L9L° L

919472 L80L"E 1081°0 0682°2 TLVL° 9T €082°6 L9%1°0 ZEIT"2 9092°21 v8¥v- L

2LLE"Z 0219°¢ YEET° 0 yeLi g ¥810°91 v686°8 1860°0 £L96°1 I6€S° 11 RS ASA

9800°2 610G°¢€ 8001°0 €LE0°2 G6LE° ST €90L°8 68L0°0 ve6L° 1 €L28°01 10689

6009°1 886¢°¢ LELO®O 8¥E6° T 9eLL VI 1v9v°8 8¥¥0°0 8609°1 GeELI 0T ¥0.G5°9

9890°0 86€8°1 8€22° VI 6262°8 ov60°0 ¥€99°1 06985°6 2662°9

988Se°11 LS90°L €990°0 L8VL T 9Gs1I°¢Cl 0008° 2L 0690°0 £€vos°1 G966°8 29¢0°9

1088° 01 2288°9 £€620°0 0299°1 862L°21 8929° 1 8€E€G°8 8E6L°S

926¥%°0T 1¥0L°9 0.20°0 8¥8S°1 1222721 822V 1L 0€08°29 18¢€L°¥2 2v60°8 ¥896° ¢

2021°01 00€S°9 1989°11 9861° 4 96vL° LS 8686°¢€2 69G2°L G66E°S

292.°6 T19€°9 6929°19 SLGS V2 6991° 11 8086°9 0%0G° 9§ [ 2 X ARNA 1v69°L €LGT°G

LGSE"6 G961°9 9v60°8S LL08°'€2 Lv89°0T 969L°9 €91V " ¥S T0¥6°22 6986°8 £€8E6° ¥

2€20°6 ¥9€0°9 1810°9¢ ¥SL0° €2 9¥02°01 0ov¥9s°9 06€6° 19 g8sv8 12 0L6V°6 vszLt b

6989°8 v088°§G 1810°%S €€9€°22 ZELL"6 6€£9€°9 68L5°0S 0691°12 ,L00¢€°8 6LEG° b

230 8 A1 282L°S 1€60°2¢ 2899°12 262¢°6 S0LI"9 ZZv1°6¥ 6906°02 9G8L°9 819¢" ¢

9298° 4L 8¥50°§ GE2I°8 €08G°S L9G1°0¢ ¥686°02 9v26°8 0€86° S £999° 9V 8698°61 26¥v S 6261° ¥
9980°'8 G666° ¥ S1L8° L 99¢¥° 6 GZ81°8¥ 81¢€€£°02 L9V¥6°8 y008° ¢S €285 ¥V 2e¥2° 61 99LE" ¥ 80€0° ¥
9z8v°8 65¥6° ¥ 9689°L ¥862°§ 2096° 9% 6269°61 €902°8 2229°§ v826°2v 18€9°81 §90S°¢ 82.8°¢
1206°8 2268 ¥ 2629°L L991°§ 12288 24 1€L0°61 9016° 4 15:22 2] ¥890° 1V 2250° 8T 6658°2 612L°¢
viie s 86€8° ¥ L¥eE6 L vveo°s LS8L 2V 1€Lt"81 aviL-L 1682°§ 252v°6¢ 6¥8Y° LT £€992°2 0LLS €
9096°6. L88L" Y 90.8°8 0968° ¥ GGI10°' IV GI68° LI 66L9°L L821°§ 8GEL"LE ¥Ge6° 91 1828°1 GGEV°¢E
£€98G°6 28€L° ¥ vZLS"6 €6GL°¥ L882°6¢ 692€° LT’ VL6E€°8 y196° ¥ 9¥€Z 9¢ S10¥° 91 SL9V°1 2962°¢
86LY°6 €889 ¥ ELIT 6 12€9° ¢ 92%9°LE 66LL" 9T 6E6V°6 126L°¥ G289°v¢ G¥88°G1 0€91°1 0g91°¢€
1961°6 €6€9° ¥ G890'8 y11G° ¢ 98L6°G¢€ 206Z2°91 1021°6 99¢9° ¥ soLyTee I¥8E° 61 21¥6°0 gEveD"¢
976L°8 806S° ¥ 9vzZo-L 196¢° YV 116V Ve LevL Sl 1€26°L 916y ¥ 2oyt ze 2868° V1 YL6L°0 9506°2
21Le"8 TEVS ¥ 8880°9 6182°¥ 986€°E¢€ 1262°SI1 20L9°9 gese v 966L°0¢ gG2v-v1 L809°0 06LL°2
6116°4 096%v° ¥ gL12°§ 184: 2887 Sy¥61°2¢ ¥668° 91 1219°§ I812°¥ 0€£89°82 8696°€1 18LV°0 1199°2
L206° L 16¥F° ¥ LS9E" ¥ LOE0" ¥ 889L°0¢ 980V " V1 0oVvL"V €L80° V¢ 6£81°82 g96¥%°¢l 888€°0 10¥6°2
Zvo1° L 620V ¥ €ILG'E ov8s‘¢e ¥665°8¢2 1896°¢€1 0296°¢ 0196°¢ yo81° L2 ¢886° 21 £€162°0 Lv6€°2

y-TouWy 3L X -{ouy .y h:4 v-TouW -Mf i 1-10Wy -JL . 1-10W 4L D, 1-T10W ¢ N p:!
do z a5 I ag i as i a5 I ) z
*9plLusylaourAorU]a] WNLUBD0UUD S| AYyrawedsp Jo saLjioeded jeay JeiOW 1°G @lqel



0£L"652 862" 88 62G°69 052°92 €0V EL9 169°062 €80°06V 92z°961 SBE° 167 0€T"9L1

¥26° 052 LY6° 18 LBZ°19 S16°v2 618°€L9 968°882 LEB V8 ele €61 12884147 62Z°¢€L1
SE9'TY2Z 61818 ¥6€°6G LEV €2 001°699 180° 182 £ZL 6LY 28£°061 ¥89°0v¥ 63Z°0LT
25 €£2 688°8L S16°8¥ 629°02 069°699 £52°682 608°VEY 5827 L91
806622 €61°9L . ¥61°2L9 0zZv° €82 L6G°0LY 65¥°L0E 1,0°62% 6L2 91
L22°812 69G°€L €62°86 26G°'9¢ 22 L9 £86°182 8¥¥°0L9 L8L E0E 9zZ1 vev 829°191
256012 0ZI° 1L - IR ZAE T 181°6¢ . ¥2E°0LY vvL6LZ 0¥L°0LY LI1°00¢ 6£9°61¥ LEETBST
L80° V02 £28°89 [2228:1: ¥59°¢ce 89€°£99 68G°LL2 ¥6L°0L9 8¥¥° 962 L96° b1V 0£0° 451
9LG°L6I 659°99 L69°¢€8 986°1¢ ¥6€°859 YI1°6L2 908°099 S6L°262 ¥SS 01y SOL VST
6LL° 161 019°%9 6GC°6L ¥82°0¢ LYZ° 159 1€9°2L2 6LE°GLY ¥91°682 808°50¥ £9£°251
V06481 159°29 966° € 6£8°82 L26°GV9 1P1°0L2 G25°0L9 £15°682 S1e°10¥ £00°051
656'8LT ¥6L°09 18L°69 999°12 08T°1%9 €¥9°.92 6£8°£L9 928°182 210°96¢ 129°L¥1
gL €LY 6%0°6S 02£°99 926°92 ¥LL*9E9 SE1° 592 L92°999 Z2Z1°8L3% S8Y°16¢€ L1Z'6vI
829° LT 16€° LS 86529 062°62 005°£€9 626°292 ¥28°959 10¥°¥L2 $85°98¢ 16L°201
0T¥° 281 0€8°6S v29°95 626°€32 110°1¢€9 1€0°192 01L°8%9 £€89°0L2 8Ly 18¢ cherovy
00€° 481 1€€°¥S 8LO'6¥ gLy 22 LEL 629 621°652 LLT 1V9 806°992 620 LLE ZL8" LEX
06€°261 906°26 062°9¥ 596702 698°629 222°LS32 221°6¢€9 621°€92 2967 1.8 LLESEl
L08 LYY 096°1§ 000° 9% 6GL°6T 698°2€9 €1£°662 SGI° 189 £2£°652 16¥°99¢ S68°2¢1
£€6£°¢CFT $62°09 9€0° ¥ S16°81 ov0°1%9 80%° €52 L5L°829 £€98°¥52 £€22°19¢ 90€°0¢1
LSO BET L66°8% 520°9% L0 81 558°899 LIS 152 982°£0L LYE* 052 168°66¢ 9zZL°L21
202" ¥¢1 TLG LY 016°8¢ LIZ° L1 €01°62L €99°6V2 £€15°¢69 011°9%2 921° 0S¢ SI1°6Z1
€29°821 $06°S¥ VLG 6E Zev 91 8TL'9EL Zv8°L¥T €22°919 100°2¥2 €LZ b¥E 69¥°221
012°221 621 ¥¥ 12€°62 98L° 61 1€8°989 £€89°6V2 18€°£8S 016°L€2 ove’see L8L 611
£00° 021 L88° 2V Sev 92 660°ST ¥89°2€9 0SI°'e¥b2 6€8°99S LL8°¢€2 ger-zee §80° LTI
veg L1t S€2°2V 566°109 ¥SS5°0v2 650°6S¢ L68°622 58L°632¢ 00€°¥I11
L09°911 65S° TV 082°189 611°81¢ L6S°¥8S 816°L£2 999°6¥G 8L6°622 LYI°61E 68Y° 111
SG6°TLI 986 0¥ 221°089 $62°91¢ 168°2LS 962°6¢32 919" LES 651°222 88€°21¢ 1L29°80T
68¢° LOI 682°6¢ 6IE°LLY Ly big 6L9°€9G €LG°2E2 266°626 119812 8¥€°90¢ 10Z°901
060°£01 V06° LE 8¥L°GLY Sv9-zie 852° 95§ 2.8°622 065°226 9eL V12 90¥°10¢ 922 %01
ZL8°66 568°9¢ £50°€L9 SI8°01¢ 6GL°6¥S ¥61°L22 126°G1S GEI* 112 £€25°962 222201
LOL"96 G2L°G¢E ¥Sv°0L9 ¥86°80¢ Z16°€¥S 12v°¥23 602°60S 809°L02 60L'162 g981°001
0zZ1°06 650" ¥¢ 026°699 6V1°L0¢ 9L6° LES €L9°122 288°20% 6S1°¥02Z L61°'982 L11°886
061°68 802°2¢ 1£8°699 £1€°60¢ 9ev°2¢€5 016812 L86°96% 68L°002 198°082 210°96
££6°98 1ev°o0¢ G90°1L9 LIy c0E 8€L°92S 2£1°912 ¥86°06¥ 66%°L61 SLZ°SLZ 998°€6
£€6°98 1ev-0¢ LGS 699 ¥v9 108 L80°12¢ LEE"EIZ 260°68% GGZ ¥61 806 692 8L9°16
£€99°¢8 L16°62 80G 1LY 118°662 6£0°91¢ 92G°0132 Z61°6LY 650161 28¥°€92 1¥v°68
9€1°08 ¥6€°62 61v°2L9 086°L6Z 6€6° 605 869 L0T 8IS €LY S¥6°L8I1 Z282°L52 €61°1L8
8£9°9L £98°82 £29°699 8¥1°962 6LL°G0S 558° 102 €2L°L9% 916°¥81 698°062 L08 ¥8
¥50° VL 81¢°82 Z61°%99 91g° 62 159°00¢S 966°102 L26°19¥ L£6°181 STL V¥¥32 L6£°28
£15°69 oV L2 80% 199 £6%°262 10Z2°G6¢ 0Z1°661 62L°9G¥ LOG'6LI 268°9¢€2 I16°6L
-10my YL b -Tomy P ;] r-Touw-yr A -Tow ¢ P A 1-10W ¢ -Hr
aj I dg a5 d) ;5]

"9pLUsY330uRAORUID] WINLUBIOUUBS [AYIBwedap 40 saljLoeded 1eay 4e[Oy Z°G 3[qe)



Chapter 6. Molecular Antiferromagnet : [DMFcI[TCNQ]
6.1 Introduction

The charge transfer salt between decamethylferrocene (DMF¢) and 7,7,8,8-
tetracyano-p~quinodimethane (TCNQ) has two polymorphs with 1:1 composition[13].
One is a 1D phase with mixed columns and the other is a dimeric phase, which
shows paramagnetism but has a singlet ground state. Of these two polymorphs the
1D phase is of great interest because its crystalline structure is similar to
that of [DMFc][TCNE]. Magnetically the [TCNQ]~ radical behaves similarly to the
[TCNE]™ radical. A remarkable difference between these two radicals is their
dimensions. The cyano group moieties, on which the unpaired electron is mainly
distributed, are separated further in a [TCNQ]™ radical by intervening quinone
ring than in a [TCNE]™ radiéal. Hence an overlap with the x -orbital of the
cyclopentadienyl ring is expected to be small in comparison to [DMFc][TCNE] and
thus strength of the magnetic interaction is also weak. In practice, magnetic
susceptibility measurement{35] revealed the Curie-Weiss behavior of [DMFc]{TCNQ]
with a small Weiss temperature @ = +3 K, in contrast to the large Weiss
temperature 8 = +30 K for [DMFc][TCNE]. Miller et al.[13] described, about the
metamagnetic behavior of the compound, that a dominant interaction is intrachain
ferromagnetism with a weak interchain antiferromagnetism. This idea well
explained the behavior of magnetic susceptibility under an applied field, that
is, only 0.15 T (~0.2 K) of exterﬁal field is sufficient to change the
antiferromagnetic behavior to the ferromagnetic one[35].

By means of °7Fe M8ssbauer spectroscopy, Miller et all13] found .that below
the antiferromagnetic phase transition temperature 2.55 K, [DMFc]t cations
occupy two non-equivalent sites with the ratio 2:1 in the 1D phAa;se.» This
observation implies that the magnetic ordering is associated with a structural
change. Miller et al. suggested that this magnetostructural phase transitién

has a spin Peierls nature[13] and they speculated a model structure, which can
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provide an explanation for the 1:2 ratio of non-equivalent sites. It is an
asymmetric trimerization in a mixed column : +++DADADADA:+ = .«.DAD ADA DAD:..,
where D and A denote a donor molecule [DMFc]t and an acceptof molecule [TCNQ],
respectively. Thus the calorimetric study of [DMFc]{TCNQ] is/ of interest from a
viewpoint of magnetostructural coupling. Comparison with the magnetic phase
transition of the TCNE homologue is also interesting in the sense, how the
magnetic behavior is modified by changing from a symmetrically alternating chain

in the TCNE complex to an asymmetrically arrayed chain in the TCNQ complex.

6.2 Experimental
(1) Preparation of sample -

Although the 1D phase of [DMFc][TCNQ] is thermodynamically metastable in
comparison to the dimeric phase, it can be prepared under a suitable
experimental condition. To obtain the 1D phase rapid crystallization from a
solution is required. The preparation was carried out according to the method
of Miller et al[13]. A hot dichloroethane solution of TCNQ (3.76 g/ 400 ml)
was added to a hot dichloroethane solution of DMFc (6.00 g/ 100 ml). Dark green
precipitates were rapidly formed and filtered. Obtained tiny crystals of the 1D
phase were washed with cold dichloroethane and desiccated in a vacuum. All the
procedures were carried out in a glove box filled with argon gas to prevent
decomposition of the compound. The yield was 67 %. Anal. Calcd for CgoHgzgqFeNy
: C, 72.45; H, 6.46; N, 10.56%. Found : C, 72.46; H, 6.46; N, 10.52%.

In order to identify the 1D phase, powder X-ray diffraction and infrared
spectra were recorded. The powder pattern of this compound is compared with
calculated lines for both the 1D phase and the dimeric phase using their lattice
constants[13] in Fig. 6.1. Of 56 observed diffraction lines, 7 lines coincide

with the 1D phase, while 15 lines coincide with the dimeric phase. This
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Fig. 6.1

20 60°

X-ray powder diffraction patterns for
decamethylferrocenium tetracyanoquinodimethanide.
Patterns A and C are calculated by use of lattice
parameters for the dimeric phase and for the 1D
phase, respectively [13]. Pattern B represents
the observed data. Patterns D and E are reported
ones for fresh and air-exposed sample [36].
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IR spectra of decamethylferrocenium tetracyanoquinodimethénide
recorded by means of (A) KBr disk method and (B) Nujol mull
method. Absorption peaks with * are assigned to Nujol.



suggests that thev sample is a mixture of two polymorphs of [DMFc][TCNQ]. A
partial decomposition of the X-ray sample, however, cannot be denied because the
powder diffraction was recorded in air without any protections against
oxidation. For this reason, another fact may be understood, that is, more than
half of the observed lines can be assigned to neither of the two polymorphs.
The infrared spectra also revealed a curious behavior. As can »be seen from Fig.
6.2, some of the absorption peaks are accompanied by weird negative peaks at
higher wave-number side. This phenomenon was observed in both KBr disk and
nujol mull, and can be explained by the Christiansen filter effect. This effect
is associated with a rapid change of the refractivity of the crystals near some
absorption bands. When the refractivity of the crystal becomes equal to the
refractivity of surroundinngBr or nujol, the surface scattering of infrared
light is suppressed and hence the transparency is enhanced. This effect is
avoidable in principle by grinding a sample to the grain size smaller than wave
lengths of the incident light. From the absence of a characteristic absorption
band of carbonyl group, it is concluded that the sample contains no [p-
(NC)2C=CgH4=C(O)CN]}~ anions produced by an oxidation of [TCNQ]™ anions.
(2) Calorimetry

In a sample container, 2.7373 g of the sample was loaded with 21 kPa of SHe
gas. Heat capacities were measured in the temperature region between 1-25 K by
means of the very low temperature calorimeter. The adiabatic mode, where a
AuFe(0.07 %)-Chromel thermocouples were attached to the calorimeter, was used

for the temperature control of the thermal shield.

6.3 Results and Discussion

The calorimetric results were tabulated in Table 6.1 and shown in Figs. 6.3
and 6.4. In these figures the heat capacities of [DMFc}[TCNE] are also shown
for comparison. A sharp peak centered at 2.54 K was observed. This transition
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Comparison of molar heat capacities between the two charge-transfer
complexes. Open circles show the data of decamethylferrocenium TCNQ,
while filled circles show the data of decamethylferrocenium TCNE.
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Fig. 6.4 Comparison of molar heat capacities between the two charge-transfer.
complexes. Open circles show the data of decamethylferrocenium TCNQ,

while filled circles show the data of decamethylferrocenium TCNE.



temperature agreed well with the reported Neel temperature[13]. No latent heat
was observed and the phase transition is considered to be of second order.
Based on the °7Fe M8ssbauer spectroscopy, which suggests some structural -
change associated with this phase transition, Miller et al.[13] ’pointed out that
such a magnetostructural behavior is analogous to a spin Peierls transition.
Thus we shall discuss the heat-capacity anomaly in relation to the spin Peierls
transition. The shape of the phase-transition peak bears a resemblance to that
derived from a mean field theory except that the heat-capacity gap remains about
two thirds of the peak height and there is a large tail at high temperature
side. In the spin Peierls transition, the heat capacity above the transition
temperature has a linear dependence of temperature due to antiferromagnetic
magnon in a 1D chain, and the heat-capacity gap amounts to 1.43 times of the
linear term wvalue at the transition temperature, i.e. 1.43. (sz/SJ) + Tyy where
J stands for the antiferromagnetic exchange interaction[37]. If we use the
Weiss temperature, +3 K, in place of J, this relation provides a heat-capacity
gap of about 6.7 J K~! mol-l. The observed value is twice as large as the
prediction. The spin Peierls transition occurs at the temperature where the
increment of elastic energy by lattice distortion is compensated with the
reduction of magnetic energy resulting from the induced energy gap, J, in
magnetic excitation spectrum. In the present complex the expected energy gap
~3 K is comparable to the transition temperature Ty = 2.54 K and the reduction
of magnetic energy is expected to be not so large. Thus it is desirable to
abandon the possibility of the spin Peierls nature in the present compound.
One of the remarkable features of this phase transition is similarity of the
low temperature tail betwee_n the TCNQ and TCNE complexes as seen in Fig. 6.4,
This behavior suggests an Ising character in the magnetic interaction for the

TCNE compound. Hence we can consider that in [DMFcl[TCNQ] the magnetic
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Fig. 6.5

T/K

Temperature dependence of molar entropy of

decamethylferrocenium tetracyanoquinodimethanide.
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interaction has a strong Ising anisotropy as in the TCNE compound. It is to be
noted, however, that such a behavior of the low temperature tail is also found

in the spin Peierls phase where magnetic excitation has an energy gap. The spin
Peierls nature is exclusive to the Ising anisotropy which stabilizes the Neel
ground state rather than the spin Peierls phase. Thus we must choose either the
spin Peierls nature or the Ising anisotropy.to interpret the observed

exponential tail behavior.

The molar entropies are shown in Fig. 6.5. From the figure one can read 4.0
J X! mol~!l for the critical entropy, which is acquired up to the transition
temperature. The difference between the true critical entropy and the molar
entropy at 7\ is negligible because T\ is as low as 2.54 K and the iattice
contribution is small enoug};. This value of the critical entropy is, however,
to be regarded as a lower bound because of doubt about possible admixing of the
dimeric phase as discussed in thé last section.

By adopting tentatively the normal heat capacity of [DMFc]{TCNE] as that of
[DMFc]{TCNQ], a rough estimation of the total transition entropy was made. This
procedure is admitted because the dominant contribution of the Debye heat
capacity is similar between the two compounds possessing a homologous cx.'ystal
structure and nearly the same crystal density. As a result, the transition
entropy was obtained to be AS = 11.2 J K~1 mol“l, which is very close to the
magnetic entropy, 2 R In 2. This value strongly suggests that the observed
phase transition is dominated by magnetic ordering process and the structural
transformation reported from the MYssbauer spectra is not essential.

If we regard the phase transition as a pure antiferromagnetic transition, it
turns out that the transition behavior shows a remarkable short range ordering
effect inherent in low dimensional magnets. The low dimensionality in the
present compound is, however, weaker than that in the TCNE analogue. This may
be attributable to the difference of the counter anion size, which directly
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affects significant exchange paths.
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PART 1II

SOME OTHER FERROCENIUM SALTS

Chapter 7. Biferrocenium Radical Salts
7.1 Introduction

Biferrocenium radical salts form an interesting family which belongs to
mixed-valence compound[l]. Biferrocenium or substituted biferrocenium radical
ions contain a common skeletal structure of the ferrocenylferrocene, which
consists of two iron atoms, a bridging bidentate fulvalene ligand, and two
terminating cyclopentadiene ligands (See Fig. 7.1). Formally the oxidation
number of iron is II for one iron atom like in a neutral ferrocene molecule, and
Il for the other iron atom iike in a ferrocenium cation. The coexistence of
different oxidation numbers is characteristic of mixed-valence compounds. In
biferrocenium salts, the mixed-valency manifests itself in a variety of manner
and all three types of mixed-valency (class I, II, and Il according to the
classification by Robin and Day[2]) have been observed. In this paper two
compounds belonging to class I are studied. One is biferrocenium trilodide,
[(C5H5)Fe(CsHy~-CsHy)Fe(CsHs)1t(13)7, and the other is 1/,1'}”-diethylbiferrocenium
triiodide, [(CsH4Et)Fe(CsHy-CsHy)Fe(CsH4EL)]1 (I3)”. They are abbreviated
hereafter as [BFc]Ig and [DEBFC]Ig, respectively.

Class II mixed valence compound contains plural (metal) atoms of one and the
same kind, which have different valencies distinguishable by their coordination
environment or electron density. Since the difference between these atoms is,
however, very small, these atoms can sometimes exchange their valencies each
other. Such an exchange is always associated with a distortion of coordination
environment through electron-vibration coupling. Hence one can regard these
molecules as a non-rigid molecule undergoing a large amplitude vibration between

several stable molecular configurations. When a crystal is formed with such
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Fig. 7.1 Molecular structure of 1',1"-diethyibiferrocenium
cation radical [8].



non-rigid molecules, one can expect a structural phase transition characteristic
of anharmonic oscillators. Actually this kind of phase transition is observed

in [BFclI3 at 328 K. This phase transition was examined by means of
calorimetry[3], X-ray structural analysis[4], and STpe M&Sssbaﬁer

spectroscopy[3], and it was confirmed that the unpaired electron stays on one
ferrocenyl moiety without traveling between two ferrocenyl groups in the low
temperature phase named as a valence-trapped staté. On the other hand, in
[DEBFclI3 a phase transition was found at 66 K but the relationship between this
phase transition and the mixed-valency has not been fully elucidated yet. The
coexistence of two non-equivalent Fe sites was derived from °7Fe M8ssbauer
spectroscopy up to ~220 K¢ We tentatively assumed that the phase transition at
66 K is not concerned with the mixed-valency and the valence-trapping of
[DEBFc]t on cooling proceeds without phase transitions because of its asymmetric
crystalline environment. Therefore, at low temperatures we can treat both
[BFc]I3 and [DEBFclI3 as in a valence-trapped state, where the unpaired electron
is fixed on one of the ferrocenyl groups.

As in the case of the [DMFc]t cation considered in part II, [BFc]* and
[DEBFc]t cations are paramagnetic species with anisotropic g-factor. This is a
reflection of the valence-trapped state in these compounds. The physical
properties of the valence-trapped state is essentially considered as a simple
superimposition of the properties of each valency, so that the magnetism of
these biferrocenium compounds can be regarded as that of equimolar mixture of
diamagnetic ferrocene and paramagnetic ferrocenium which is magnetically
anisotropic. This situation makes confrast to the compound characterized by the
‘ valence-averaged state. For instance, diiodobiferrocenium triiodide has almost
isotropic g-factor as distribution of the unpaired electron loses the

cylindrical symmetry. The g-factor of [BFc]llj is g| = 3.58 and g = 1.72[5].
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In comparison with the [DMFc]}t cation, this is less anisotropic owing to more
asymmetric molecular shape. Thus the comparison of solid state magnetic

behavior between [DMFc][TCNE] and these two biferrocenium salts is interesting.

7.2 Experimental
(1) Calorimetry

The very low temperature calorimeter was used for the calorimetry of these
compounds. For both the compounds the adiabatic mode was aaopted between 1-20
K, while the isoperibol mode was used below 1 K. All procedures for sample
mounting were carried out in a air without inert atmosphere.

In a sample container with inner volume of 14 cm3, 3.4123 g of [BFcll3 was
mixed with 5.7720 g of silicc;ne oil. Calorimetry was made in the temperature
region between 80 mK and 20 K. Below 200 mK the thermal relaxation time for the
equilibration in the calorimeter was elongated to longer than ~2 hours. Thus
observed data below 200 mK involved somewhat large ambiguity.

For the calorimetry of [DEBFc]I3g , 8.5306 g of the sample was used together
with 5.0968 g of silicone oil. Heat capacities were measured in the temperature
range between 60 mK and 20 K. Below 200 mK, one to two hours were rec-luired for
thermal equilibration of the calorimeter. An alternative method was attempted
for 30-80 mK, in which the calorimeter was connected to the mixing chamber of
the refrigerator with 20 cm of oxygen free copper (0.5 mme ) in order to cool
down the sample as low as possible. In this measurement an a.c. resistance
bridge Mk.II (Oxford Instruments) was used in place of the cryobridge model 103
(AX A) because the cryobridge sometimes exhibited unstable balance below 50
mK. At the same time a microcomputer PC-9801F (NEC) was unplugged to avoid the
generation of high frequency electric noise. This method permitted relatively
great heat leaks from the calorimeter, so that sufficient thermal equilibration

could not be guaranteed in the measurement.
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(2) Calorimetry using a pellet sample

For [BFc]I3 the pellet sample was also utilized for the calorimetry. A
pellet (2 cmg, 2.7 mmt, 1.7998 g) was formed by means of an oil press. The
press condition was 300 MPa and 180 s under evacuation. Evacuation over long
period was avoided as the elimination of iodine, I3 » I7 + 1971, is promoted
under vacuum. The calorimetry was made by ordinary isoperibol mode.
(3) Magnetic susceptibility

For [DEBFc]iz the magnetic susceptibility measurement was done by means of a
Hartshorn bridge working with a top-loading type 3He/4He dilution refrigerator.
This measurement was carried out under direction of Dr. Mamoru Ishizuka and
Prof. Kiichi Amaya at Faculty of Engineering Science, Osaka University.
Silicone oil mull of [DEBFc]I3 was enveloped with a piece of.platinum foil to
the size of about 2 mm X 5 mm X 5 mm. The bridge circuit consisted of a
variable mutual inductor 4229 (H. Tinsley) and a lock-in amplifier Model 124A
(PAR) equipped with a low pass transformer. The measurement frequency was
selected at 102 Hz and the primary coil generated an external field with

amplitude of 10 ¢ T. The data was collected in the temperature region between

55 mK and 4.6 K.

7.3 Results and Discussion

Observed heat capacities are tabulated in Tables 7.1 and 7.2, and shown in
Figs. 7.2 and 7.3 for [BFc]I3 and [DEBFclIg, respectively. Heat capacities of
both the compounds are remarkably enhanced below 1 K. Especially the anomalous
heat capacity of [BFclI3 has an unique profile which provides a very slow decay
with temperature. It is also noteworthy that these anomalies occur at very
different temperatures despite of their similar chemical structures, ie.

[BFc]I3 has its maximum of anomalous heat capacity around 120 mK, while
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[DEBFclI3 has a heat-capacity maximum at about 60 mK.
(1) [BFc]lIg

In Fig. 7.2(a) plotted are both the heat-capacity data measured by ordinary
silicone oil method and the pellet method are plotted. In spite of long thermal
relaxation time over 2 hours, these two kinds of data coincide well each other
between 150-400 mK. Above 400mK the pellet data seem to be too small. This
deviation would be explained by the lack of precise heat-capacity data of the
addendum. On the other hand, the silicone-oil data below 400 mK exhibit a
characteristic feature of non-equilibration. Thus we adopted the silicone-oil
data above 400 mK and the pellet data below 400 mK as reliable ones. As shown
in Fig. 7.2(b), the heat capacities above 13 K agrees well with those measured
previously in the range 13—1360 K by Sorai et al[3].

The observed heat capacity anomaly is conceivably attributable to a magnetic
phase transition. This speculation is based on the following two observations.
One is the extremely gradual behavior of the high temperature tail, This
behavior will be discussed in detail in chapter 9. The other is the excess
entropy AS ~ 5 J K-1 mol"l, which was calculated by numerical integration of
heat capacity. If the contribution from the low temperature tail below 80 mkK,
which has not been measured, is taken into accounts, the total excess entropy
amounts to ~ 5.7 J K-! mol-l, This value is very close to R1In 2 (= 5.76 J K1
mol‘l) which is expected for a magnetic ordering process in a s = 1/2 system.
Hence we can safely attribute the present anomaly to a magnetic origin.

If we tentatively regard the critical temperature as being T, = 140 mK, the
excess entropy acquired above T, can be estimated to be (S00=Sc)/R ~ 0.4 for
the present compound. This quantity vserves as a diagnostic measure of the short
range order. The value obtained here is very large in comparison to ordinary 3D
magnets, for example 0.1~0.2 for 3D Ising magnets and 0.2~0.26 for 3D

Heisenberg magnets[6]. The present value is rather close to those of 2D Ising
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magnets, 0.36~0.43{7]. Therefore, the gradual tail behavior of this compound
can be regarded as arising from the manifestation of a short range order effect
inherent in low dimensional magnets. However, more detailed analysis of this
tail behavior will be done in chapter 9, where it will turn ouf that the gradual
tail of this compound cannot be understood in terms of low dimensional Ising
magnet but Heisenberg magnet.

The low dimensionality suggested from the anomalous heat capacity can be
found in the actual crystal structure. Schematic drawing of the crystal
structure is given in Fig. 7‘4[4’8]‘, It is easily seen that close contact of
cyclopentadienyl rings between neighboring molecules makes a columnar structure
and each column is isolated- by surrounding triiodide anions. This 1D nature of
the lattice structure may reflect in preferred direction of the magnetic
interaction. Although we described in chapter 1 that in a molecular magnet it
is generally difficult to correlate the exchange path with its crystal
structure, the 1D exchange path is clearly recognized along the columnar
direction in the present compound. Consequently we can conclude that [BFc]Ig
exhibits the feature of 1D Heisenberg magnet and, in addition, the lattice -
dimensional crossover from 1D to 3D.

(2) [DEBFc]Ig

In Fig. 7.3(a) several data points measured by the direct heat-connection
method are plotted together with the heat capacities measured by usual method.
The former apparently exhibits monotonous increasing tendency below 50 mK. This
behavior is, however, not fully confident because of large heat leaks and short
temperature-drift observation times. It is better to treat them as reference
data.

Temperature dependence of the magnetic‘susceptibilities between 55 mK and 4.6

K is plotted in Fig. 7.5. From this plot the Weiss temperature was estimated to
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be the order of -0.1 K, i.e. the antiferromagnetism. This result does not
coincide with the magnetic susceptibility measured with a Faraday balance by
Morif9]. Mori’s data exhibit a crossover between different Curie-Weiss
behaviors, i.e. above 7.5 K the Weiss temperature is about -1~-1.5 K, whereas
below 7.5 K this behavior changes to the one with a Weiss temperature of
+1~+1.5 K. Presently there are no explanations for the discrepancy between the
two sets of magnetic susceptibility measurement. It is noted, however, that
elimination of iodine may easily occur by slight evacuation and a small
difference in the chemical composition can affect the strength of magnetic
interaction. Anyway, the estimated Weiss temperature -0.1 K is consistent with
the heat capacity anomaly observed below 0.1 K.

Based on the discussior; in chapter 9 and the existence of antiferromagnetic
exchange interaction, we can identify the observed anomalous heat capacity as an
antiferromagnetic phase transition. From the gross profile of the heat-capacity
anomaly, the critical temperature is tentatively estimated to be 60 mK. By use
of this T\, the short range order entropy, (S00-Sc)/ R, can be likewise
calculated as in the case of [BFc]I3. The short range order entropy was (Sgo-—
Sc)/R ~ 0.39. This is a very similar value to [BFclIj, indicating a remar}-{able
short range order effect.

The crystal structure of [DEBFcll3 is schematically shown in Fig. 7.4[4,8].

In this structure no evidences of low dimensional lattice can be found
immediately. Each [DEBFcl? radical cation is rather isolated by its ethyl

groups and surrounding triiodide anions. If one notes only the positions of
iron atoms, however, weak 2D nature can be traced in the plane perpendicular to
the crystallographic a-axis. This may introduce 2D nature to the magnetic
interaction. Another possibility of low dimensional magnet is a random magnet.

As stated in section 7.1, the absence of mixed-valence phase transition can

introduce disorder with respect to the location of unpaired electron in a
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molecule. If we assume all iron sites are equivalent, the crystal is regarded

as an equimolar mixture of magnetic atoms and nonmagnetic atoms with abrandom
configuration, i.e. a diluted magnet with an occupancy of 50 per cent. In a
dilute magnet the effective dimension is known to be diminished when the
occupancy approaches a percolation threshold, so that a similar effect is
expected to be introduced into the magnetic aspect of the present compound by
the randomness of the mixed valency. The reliability of this random magnet is
to be checked by means of structural analysis at very 1§w temperatures. From
the crystalline structure available at present, the weak 2D property is more

plausible explanation of the remarkable short range order effect.
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Chapter 8. Ferrocenium Hexafluorophosphate
8.1 Introduction

Ferrocenium hexafluorophosphate ([Fc]PFg) and similar metallocenium salts
demonstrate a variety of phase transition sequences unexpected from their
relatively simple crystal structures. Three phases are known in [Fc]PFg, which
are divided by two phase transitions at 213 K and 347 K[10]. These phase
transitions are considered to arise from orientational order-disorder phenomena
concerning both the [Fc]* cation and (PFg)~ anion. The highest temperature
phase belongs to a cubic space group, Pm3, where both the cations and anions are
disordered in twelve and four orientations, respectively, and construct a pseudo
body-centered CsCl type cubic lattice. In the intermediate phase (a monoclinic
structure, P2;/c), (PFg)~ ar;ion is fully ordered, while [Fcl* cation reorients
between four directions three of which are slightly tipped off from an axis.
This reorientational motion is suppressed in the lowest temperature phase and
[Fclt cation is completely ordered[11]. The present calorimetric study is
concerned with this lowest temperature phase where [Fclt cations are aligned so
as to make their molecular axes staggered each other.

In [Fc]PFg, only [Fclt cation has a magnetic moment due to an unpaired
electron with spin s = 1/2. For this species an anisotropic g-factor is
expected as in the case of [DMFc]t or [BFc]t cations. Actually [Fc]? has g =
4.35 and g; = 1.26[{12]. Since the neighboring [Fc]t cations are arranged with
their molecular axes crossed, the Ising nature cannot be simply expected for the
magnetic interaction even if the g-value has a strong anisotropy. Hence the
character of magnetic interaction provides an interesting problem in addition to

the exchange-path problem.

8.2 Experimental

(1) Calorimetry
92



For heat-capacity measurements, 6.7277 g of [Fc]PFg and 3.2225 g of silicone
oil was used. Prior to mixing, the silicone oil was evacuated to remove éir and
water, and then saturated with nitrogen gas. Sample mounting procedures were
carried out under inert atmosphere of nitrogen. Heat capacities were measured
in the temperature region between 95 mK and 20 K.

(2) Calorimetry using a pellet sample

A pellet sample was attempted for the calorimetry to obtain more reliable
data at lowest temperatures. 0.64 g of the sample (density d = 1.5 gem~3) was
mixed with 3.5 g of copper powder (d = 8.92 gcm~3). The copper powder
(Wolstenholme, MD60) was washed twice with ethylether and desiccated in a vacuum
before use. The mixture was shaped into a pellet with its weight of 3.9392 g.
The pellet was mounted in a pellet holder without vacuum seal because the
present compound is stable under vacuum. The weight of the sample and the
copper powder involved in the pellet were estimated to be 0.60896 g and 3.33024

g respectively under an assumption of uniform mixture.

8.3 Results and Discussion

Molar heat capacities of [Fc]lPFg are given in Table 8.1 and Fig. 8.1. A very
small anomaly well separated from the lattice contribution was observed bellow 1
K. The excess entropy of this anomaly was evaluated to be merely ~1.2 J K-1
mol~! from the silicone-oil data. The pellet data below 0.2 K showed remarkable
deviation from the silicone-oil data which exhibited rather a rapid diminution.
In the temperature region below 0.2 K the silicone-oil-mull sample is considered
to be not fully thermally relaXed and to exhibit non-equilibrium behavior owing
to a long thermal relaxation time exceeding 1 hour. Thus the larger heat
capacities comparable to the pellet data should be observed below 0.2 K if the

thermal equilibration would be completely attained. On the other hand the

93



°
3t i
T .*
© ° .
EE °
T 2fF ]
x
-
N
Q.
S 1k
O L1

Fig. 8.1 Molar heat capacities of ferrocenium hexafluorophosphate.
Open circles show silicone-o0il data, whereas filled
circles show pellet-sample data.



pellet data are not completely reliable because of the uncertainty involved in
the sample weight.

Since any degrees of freedom except for electron spin cannot be considered to
contribute below 1 K, the observed anomaly should be attributable to a magnetic
origin. And the very small excess entropy is considered to be a part of the
total magnetic entropy, R 1ln 2 (= 5.76 J K~1 mol‘l). The profile of this
anomaly will be examined in chapter 9, in which it will be concluded that this
anomaly is not a Schottky type arising from the singlet-triplet energy scheme of
a dimer formation. In addition, some short range order effect will be
concluded. In order to explain this short range effect, two hypotheses are
considered : one is a 1D Ising model and the other is a 2D Heisenberg model.
Although the strong single hion anisotropy of [Fc]t cation supports the Ising
character, it is difficult to obtain a clear conclusion for the delicate

question as to which model is more appropriate for the present compound.
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Chapter 9. A Morphological Analysis of Excess Heat Capacity Curves
9.1 Introduction of the Exponent n

Excess heat capacity provides useful information about physicochemical
properties of materials. Of course, the excess enthalpy and entropy as
integrated quantities are useful measures for the thermodynamic stability of
matter, degrees of freedom concerning thermal excitation, and so on. In
contrast to this, the excess heat capacity as a derivative guantity involves
more detailed informations‘in its profile. Heat-capacity measurement is
essentially a kind of spectroscopy which is exempted from any kind of selection
rules. In fact, heat capacity is related to a Laplace transformation of an
energy spectrum, hence it contains complete inf‘ormation about the density of
states of a matter in princii)le. As a spectroscopy, heat-capacity measurement
suffers from broadness of absorption 1iﬁes due to Boltzmann’s factor.
Nevertheless it serves as a powerful tool to elucidate the energy level
structure near the ground state.

Morphological discussion of heat-capacity anomalies has been so far done by
many thermodynamicists{13-15]. In those studies the Schottky heat-capacity
anomaly was a main subjéct. The Schottky anomaly, which corresponds to the
absorption line stated above, is caused by thermal excitation between a finite
number of discrete energy levels. For example, a two-level systém, in which a
go-fold degenerate ground level is separated by an energy gap & from a g1~fold
excited level, brings about a Schottky anomaly given by the following equation,

C/R =(g1/80)(& /kpT)%expl-& /hkpT)+ {1 + (g1/g0)expl-& / kg T1} 2.

This equation provides a single maximum when plotted against logarithmic
temperature, whose shape, i.e. the maximum height and width, is uniquely
determined by the ratio g1/80- The peak temperature depends on both the g1/ 20
and the energy gap & (see Fig. 9.1).

On the other hand, alternative heat-capacity anomaly is phase transitions,
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Schottky heat-capacity anomaly of a system
with two energy levels, e apart.

Curves 1,2,3, and 4 correspond to anomalies
with degeneracy ratio, g]/go =10, 3, 1,
and 1/3.



which exhibit a variety of morphologies. A phase transition is observed in heat
capacity as a singular point such as discontinuity, divergence, and cusp, and is
usually associated with enhanced heat capacities around the transition
temperature. Such an enhancement of heat capacity is called high temperature or
low temperature tail of the phase transition. An unified approach to treat
anomalous heat capacities caused by phase transitions is not known. Only
available are solutions obtained for the respective model systems. Especially
for the first kind of phase transition, which shows a discontinuity in the
entropy at the transition temperature, morphological treatment from the
viewpoint of energy spectrum is difficult because complete reconstruction of
energy spectrum is required at the phase transition. Contrary to this, the
situation is largely altered for the second kind of phase transitions where the
anomalous heat capacity can be, in principle, interpreted on the basis of the
density of states associated with a singularity[14].

The heat-capacity anomalies described in the last two chapters were observed
below 1 K. Since the maxima of these anomalies are expected to appear below the
lowest observable temperature of our calorimeter, we could not obtain the - whole
anomalies whereas only high temperature tails were observed. Such anomaly-tails
are often observed when some kind of order is generated and reduces gradually
the entropy of a system. Because the gradual reduction of entropy on cooling
leads to disproportionation of an energy distribution in the energy spectrum,
these tails can be attributed to either the Schottky anomaly, where the ordering
remains local, or a growth of the correlation length of an order parameter
throughout the crystal, which‘ may give rise to a phase transition of the second
kind. However, identification of the origin is a difficult problem solely by
use of the heat-capacity data concerning the anomaly-tails. In order to solve

the problem we shall propose a new method which provides an useful criterion to
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Judge whether an anomalous heat capacity originates in a phase transition or in
a Schottky anomaly.

Since the absolute value of heat capacities varies gradually in the tail
region, it provides only limited knowledge as to discrimination between a
Schottky anomaly and a phase transition. Taking this situation into account, we
introduce a temperature exponent n defined‘ by Co T or n= -(38InC/81InT). By
this treatment, one can reveal more characteristic feature of the anomaly and
can easily assign the anomaly to either of origins. Although the exponent n is
a differential quantity independent of the absolute value of heat capacity,
comparison of n between the observed and theoretical values provides a clue to
check the applicability of a given theoretical model. This comparison is valid
because the absolute wvalue ‘;)f heat capacity in the tail region is easily

adjustable by scaling of temperature with interaction strength.

9.2 Properties of the Exponent n
(1) High temperature limit

When an energy spectrum possesses an upper bound, the internal energy shows
saturation at high temperatures and the heat capacity decays according to T2,
This is easily understood as follows. At high temperature limit (8 = 1/kgl' -
0), the internal energy can be expressed by

(B> ~ Sg(E)EdE - B Sg(E)E‘sz,
where g(FE) denotes the density of states associated with the energy spectrum.
If the energy spectrum has an upper bound, that is, the density of states g(F)
has a cut-off energy, the integrals involved in the expression of <E> converge
to provide finite values. From the definition of heat capacity, C = -
(1/1{137‘2)(6 <E>/8 B), one can obtain the T-2 decay behavior of the heat
capacity. Hence in this case the exponent n tends to 2 at high temperatures.

The Schottky anomaly is known to behave as T2 at high temperatures. The
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expression for the two-level Schottky heat capacity given in section 9.1 clearly
demonstrates such a behavior by replacing the Boltzmann factor expl-¢ /g T] with
unity. However, this behavior is not restricted in the case of Schottky

anomalies. One can also find this tendency (n-2) in many phase transitions.
Generally the heat-capacity anomaly, except for first order phase transitions,

must decay as T2 at high temperatures.

(2) Low temperature limit

At low temperature limit the heat-capacity anomaly is dominated by the nature
of elementary excitations. If the elementary excitation has a gapless spectrum,
the exponent n takes a finite value characteristic of a given density of states,
which is determined by dispersion relation of the excitation and the dimension
of crystalline lattice, d. Goldstone bosons are typical examples, which exist
in the ordered phase resulting from a spontaneous breakdown of symmetry : n = —-d
for phonon, n = -d for antiferromagnetic magnon, and n = -d/2 for ferromagnetic
magnon[6]. Alternative example is conduction electrons in metal, whose heat
capacity has linear dependence on temperature and thus n = -1. Such behaviors
with finite n are characteristic of continuum enefgy spectra.

When there exists an energy gap between the ground and the first excited
states, n shows negative divergence behavior. Thermal excitation over an energy
gap is governed by the Boltzmann factor, so that we can obtain the internal
energy as <E>~ g expl-& /kpT], where & is the energy gap. By differentiating
<E> with respect to T, one can derive n = 2 - ¢ /kpT -0 at low temperature
limit. Such a divergence is a common behavior of the energy spectrum with an
energy gap, for example the I‘sing magnet, the Einstein oscillator, and the
Schottky anomaly.

(3) Coexistence of plural contributions

In real substances the heat capacity is composed of several contributions.
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When the heat capacity consists of two components C{ and Cp, the exponent n for
the total heat capacity, ¢ = C] + C2, becomes n = (C;/C)ny + (Cp/C)no, where n
= -(8InCy/81InT) and ng = -(8dInCy/8InT). This expression can be reduced to n
~ (1 - C2/C1)n1 + (C2/C1)ng on the assumption of C{3»>Cp. This result
indicates that even if "noise" component Cy has relatively large contribution,
the exponent n is not seriously affected by the existence of Cy as far as the &y
is varied slowly with temperature or actually temperature independent.

This relation, however, exhibits a curious effect at low temperature limit,
if the total heat capacity consists of a Schottky contribution C1 and a weakly
temperature dependent contribution €y (e.g. a noise component or magnon
contribution). It is apparently expected that the negative divergence of n
described above is caused gy'the leading term ni, but this divergence is virtual
in practice. A competition occurs between the exponential decay of €y and the
1 divergence of nj so that the term (C1/C)ny vanishes as a result of superior
exponential decay at low temperature limit. Consequently at extremely low
temperatures the identification of a Schottky contribution by means of the
exponent n would be difficult because of the temperature independent noise
contribution. |
(4) Comparison between heat capacities arising from a phase transition and from
a Schottky anorﬁaly

As already described, the main motif to introduce this exponent n is the
discrimination between a Schottky heat-capacity anomaly and a phase transition
only by use of partial data concerning the high temperature tail of the anomaly.
We present here the characteristic behavior of each anomaly and the criterion
for discriminating these two anomalies. Although both a Schottky anomaly and a
phase transition take n ~2 at high temperature limit, deviation from this
extreme value on going from high to low temperatures exhibits different behavior

in each case.
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Fig. 9.2 Temperature exponents, n, for three Schottky anomalies.
a, 2-level Schottky anomaly with g]/go =13
b, 2-level Schottky anomaly with g1/go = 1000;
c, Schottky anomaly arising from equispaced 1000 levels.
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Fig. 9.3 Schottky anomaly with two maxima and its temperature exponent, n.

(A), Temperature exponents for three systems.
1, Three-Tevel system which corresponds to (B);
2, two-Tevel system with an energy gap €;
3, two-level system with an energy gap 100¢.

(B), Schottky anomaly arising from a three-level system, which
is comprised of a non-degenerate ground level, a non-
degenerate first excited level at e, and a doubly degenerate
second excited level at 100e.
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interpolation between critical region and asymptotic
limit, n = 2. |



A Schottky heat capacity has a rather simple behavior of deviation. For
example the Schottky anomaly due to a two-level system is again considered. By
differentiation of the Schottky heat capacity given in section 9.1, the exponent
n is derived as |

n=2-(e/kgT) - [1 ~ (g1/80)exp(-& /kpT)1/[1 + (g1/g0)exp(-& /kpT)].
This expression implies that n has one or two stationary values (including
extremum) according to g1/g). One of these stationary values is obviously the
asymptotic limit n = 2 at T-oo. Another stationary value, which can present
when g1/gp > 1, corresponds to a maximum (see Fig. 9.2). This behavior remains
unchanged when the excited level is replaced with an assembly of energy levels
bundled within much smaller width than the energy gap. Contrary to this, when
such a replacement is done for the ground level, it makes more stationary-values
possible and somewhat complicated behavior in the intermediate temperature
region is obtained. If plural peaks are clearly resolved in the Schottky
anomaly generated by the energy scheme with a finite width in its ground state,
we can apply the relation, n ~ (1 - C9/Cy)ny + (C2/Ci)ny, to predict the
behavior of n (see Fig. 9.3). Anyway, as far as the deviative behavior from the
asymptotic limit n = 2 is concerned, we can conclude that on cooling the
exponent n shows a monotonous decrease or a broad maximum followed by a
monotonous decrease for the Schottky anomaly derived from a quasi-2-level
system.

Even if the energy spectrum is much more dispersive and far from 2-level
system, the monotonously decreasing behavior stated above still holds in many
cases. For example, when the density of states is assumed to obey the Gaussian
distribution, the monotonously decreasing behavior is also reproduced because
the Gaussian distribution is the limiting case of binomial distribution which

can be reduced exactly to the 2-level system. Another example is the uniform
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distribution of the density of states. Such an equispaced multilevel system
shows the Einstein oscillator-like behavior at low temperature limit, whereas
the monotonously decreasing behavior at high temperature limit similar to the
quasi—Z—le\}el system with g1/g9 € 1 possessing a finite ground state width (see
Fig. 9.2(c)).

For phase transitions, the deviation behavior of‘n from the high temperature
limit shows diversity of the character of interactions, crystalline structures
and so on. Thus one cannot treat phase transitions by means of an unified
approach. However, since critical phenomena are applicable to relatively wide
range of second order phase transitions near the critical temperature, one can
interpolate between the critical behavior and the asymptotic behavior of high
temperature limit. The crit;cal behavior of heat capacity can be described with
a critical exponent a as C c«c(T-T;)" % , where Te denotes the critical
temperature. By differentiation one can obtain n = a - [1 + T./(T-T.)].
Reliable temperature region, where this expression is applicable, depends on
matter or theoretical model but | =T, | /T; < 0.1 is reasonably expected[16].
The critical exponent a has relatively small value a ~ O.\1. For example, o =
1/8 is suggested for the 3D Ising magnet. Hence one can estimate n ~1 at T =
1.1T;. After interpolating between n ~1 and n = 2 at high temperature limit
smoothly, the downward convex region should exist in the intermediate
temperature region (see Fig. 9.4). More detailed discussion is possible by use
of several parameters inherent in each substance[15] but the general tendency of
the behavior is conserved. Therefore we can regard the existence of this
downward convex region as the criterion by which one can identify the anomalous
heat capacity as arising from a second order phase transition or, at least, no

Schottky anomaly in its origin.
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9.3 Applications
(1) Biferrocenium radical salts

To convert heat-capacity data to the temperature exponent n, a simple
procedure utilizing a linear regression was adopted. In our expériments heat-
capacity data were collected with temperature increments of 3-10 per cent
(typically 5 per cent) of the absolute temperature. Thus data points are
located almost equidistantly with respect to temperature axis when the
temperature axis is scaled logarithmically. Average slopes in log-log plot, -n,
were determined by a linear regression of a group of consecutive data points.
In Fig. 9.5 the temperature exponents n obtained by 20-point linear regression
are shown for [BFc]Iz -and {DEBFc]i3.

In the case of [DEBFc]I3, the characteristic feature of a phase transition,
i.e. downward convex region, is easily found around 0.2 K. Although the
decrease of n is seen above 0.5 K, which might be due to the contribution of
lattice heat capacity, the whole shape of the curve suggests that this heat-
capacity anomaly is attributable to a phase transition. To compare this n-curve
was with several theoretical models, the temperature exponents n of some -
Heisenberg magnets were calculated from high temperature expansions of
theoretical heat capacities and shown in Fig. 9.6. ’i‘he same plots were made for
Ising magnets in Fig. 9.7. In these theoretical models, Heisenberg ferromagnet
wi£h simple cubic lattice seems to provide an excellent agreement with
[DEBFc]I3. This agreement, however, does not necessarily mean that [DEBFc]lij
belongs to a Heisenberg magnet because converses are not always true. Other
candidates are easily found, for example dimensional crossover of Heisenberg
chains to 3D ordering. It should be rather concluded that the heat-capacity
anomaly of [DEBFc]I3 is a phase transition which possesses little Ising

character since the observed n shows evidently disagreement with the monotonous
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Fig. 9.5 Temperature exponents of 1',1"-diethylbiferrocenium
triiodide (DEBFc) and biferrocenium triiodide (BFc).
For BFc, two curves are provided : the broken curve
shows silicone-0il data, whereas the full curve
shows pellet-sample data.
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Fig. 9.6  Temperature exponents for some Heisenberg models [18-19].
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Fig. 9.7 Temperature exponents for some Ising models [17].
(A), 3D systems.
1, Simple cubic Tattice;
2, bcc lattice;
3, fcc lattice;
4, cristobalite lattice.
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Fig. 9.7 Temperature exponents for some Ising models [17].
(B), 1 or 2D systems.
1, Ferro- or antiferromagnetic chain (1D);
2, Onsager's exact solution of square lattice (2D).
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Fig. 9.8 Temperature exponents for some 1D systems [19-20].
1, Ferro- or antiferromagnetic Ising chain;
2, ferro- or antiferromagnetic XY chain;
3, ferromagnetic Heisenberg chain;
4, antiferromagnetic Heisenberg chain.



variation of Ising magnets.

For [BFcllz, two n-curves are shown in Fig. 9.5. The full curve was
calculated using the data collected by the silicone-oil method, while the broken
curve was calculated from the data of the pellet sample. Though these two
curves show some discrepancy in their absolute values, the whole profﬂes are
similar to each other. Obvious convex regions are again found and the origin of
the heat-capacity anomaly is concluded to be of no Schottky type. These n-
curves of [BFc]Ig exhibit another characteristic feature, that is, relatively
small absolute values. The absolute values of n in the downward convex region
are less than unity. Such a behavior is not found in any theoretical models
treated here. In this case, therefore, it may be considered that this magnetic
system exhibits a lattice dir;lensional crossover from 1D to 3D. The persistent
low value of n is the manifestation of very long high temperature tail
characteristic of low dimensional magnets where remarkable short range
fluctuation dominates the thermodynamic properties. Magnetic systems with high
lattice dimensions such as 2D or 3D, which exhibit phase transitions? do not
take values lower than n = 1, whereas only the systems possessing no phase
transitions can take such values. Among them, however, the ones showing
persistent low n values are hardly found. Even in most fluctuating 1D systems,
Ising and XY models show the rapid change from 0 to 1 during 1/5 decades of
temperature (See Fig. 9.8). Thus the 1D Heisenberg magnet is the last candidate
for [BFclI3. Since the 1D Heisenberg magnet cannot undergo a phase transition,
the lattice dimensionality-crossover to 3D must be introduced to explain the
downward convexity in n. This interpretation is consistent with the crystal
structure. As shown in Fig. 7.4, the structure of [BFcllg is dominated by
segregated columns of [BFc]? cations and I3 anions. The [BFc]t cations are

stacked side to side in the columns. Each column of the cations is isolated by

four columns of triiodide anions. This situation is in contrast to [DEBFc]Ig,
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Fig. 9.9 Speculation on overlapping of magnetic orbitals.
(a), Decamethylferrocenium tetracyanoethenide;
(b), biferrocenium salts.



where the close contact between the magnetic cation radicals necessary for a
column formation are prevented by ethyl group moieties and triiodide anions.
These structural aspects are really reflected in the magnitude and the lattice
dimensionality of magnetic interaction. |

The most interesting conclusion in this sectioﬁ is that in these two
biferrocenium \radical salts the spins seem to behave as no Ising type but rather
as Heisenberg type. This is a striking consequence in comparison with the case
of [DMFc}[TCNE] which has strong Ising character arising from its large
anisotropy of g-factor. In the biferrocenium radicals the anisotropy of g-
factor is smaller than that of [DMFc]t radicals but still significant (for
example, gl = 3.58, g1 = L72 in [BFc]lB [5]) because the orbital angular
momentum is more strongly quenched by their asymmetric coordination
environments. Hence the Heisenberg tendency is plausibly attributed to the
superexchange path. In the case of [DMFc}[TCNE], the magnetic interaction ‘
occurs through "direct exchange" between the POMO (partially occupied molecular
orbitals) of [DMFc]t and the SOMO (singly occupied molecular orbital) of [TCNE]™
as shown in Fig. 9.9(a), so that Ising anisotropy is introduced after a straight
fashion of Abragam and Bleaney described in section 5.2. On the other hand, in
the biferrocenium radical salts the spin carriers, Fe(lll), are separated by
intervening Fe(ll) constituents and the magnetic interaction must be dominated
by "indirect exchange" (Fig. 9.9(b)). Thus the symmetry of the intermediate
orbital is expected. to affect the nature of magnetic interaction.
(2) Ferrocenium hexafluorophosphate

For [Fc]PFg, two n-curves are shown in Fig. 9.10. The full curve was
calculated on the basis of the data collected by the silicone-oil method, while
the broken curve was calculated from the data of the pellet sample. As noted in

section 8.3, pellet data are more reliable below 0.2 K, while above 0.2 K the
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Fig. 9.10 Temperature exponents of ferrocenium hexafluorophosphate.
The broken curve shows pellet-sample data, while the full
curve shows silicone-o0il data.



silicone-oil data should be adopted. When these two sets of reliable data are
combined, one can recognize the downward convex profile around 0.2 K. This
profile, however, allows two distinct interpretations. One is based on \the
agreement between the silicone-oil curve and a Schottky anomaly. Since a
Schottky anomaly can be provided from 1D Ising‘magnet, a lattice dimensional
crossover from 1D Ising magnet to 3D is considered to occur at 0.2 K. The other
is suggested from the agreement between the whole convéx profile and the
behavior of Heisenberg ferromagnet in a square lattice. Since Heisenberg square
ferromagnet has no phase transition, a dimensional crossover from 2D to 3D is
expected to occur at lower temperatures, if any. These two interpretations
provide an information that the short range order effect is relatively large but
not extremely large in the ;)resent compound. When one assumes Heisenberg nature
for the magnetic interaction, the magnetic lattice must have a dimension lower
than or equal to 2, but larger than 1. The 1D Heisenberg magnet shows too
strong short range order effect. On the other hand, if one assumes an Ising
character, which places more restriction on spins and suppresses the‘ short range
order effect, 1D lattice with very strong fluctuation should be required.

In order to find which candidate is more plausible between them, knowledge
about its crystal structure is helpful. At high temperatures, [Fc]PFg takes a
cubic phase with pseudo CsCl structure, where the orientation of [Fc]t is
disordered. Through two phase transitions at 347 K and 213 K, [Fc]PFg is
orientationally ordered to a monoclinic phase, probably P2;/c[11]. In this
phase, arrangement of the [Fc]t cations is slightly complicated. If one notices
only the position of the iron atoms, it turns out that the unit cell is not
remarkably distorted apart from the high temperature cubic cell. Therefore,
unique direction of molecular packing, which is closely related to exchange
paths, is hard to find. If one also notices the molecular axes, however, two

kinds of bc-planes are distinguished. In one plane, the molecular axes of [Fc]?t
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cations are almost laid in plane, while in the other the molecular axes are
normal to the plane. Hence one can obtain a 2D structure extending in the bc-
plane. Both kinds of bc-plane involve two nonequivalent [Fel* cations, whose
axes are crossed each other. This structural aspect suggests that an Ising
character simply expected from anisotropic g-factor is invalid for the present
compound. Therefore it is very likely that the 2D Heisenberg model is more

acceptable than the 1D Ising model.
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