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The first antiferromagnetic organic superconductor, k-(BETS),FeBr, [BETS = bis(ethylenedithio)tetraselenaful-
valene], was developed in the search for novel magnetic molecular conductors. This salt shows successive antiferromag-
netic and superconducting transitions at 7y = 2.5 K and 7. = 1.1 K, respectively, at ambient pressure. Specific heat
measurements and anisotropic behavior of intraplanar conducting properties under applied magnetic fields prove the co-
existence of the antiferromagnetic ordering and superconductivity below 7;.. The combination of metamagnetism of the
magnetic layer and superconductivity of the conduction layer, which makes this salt a dual-functional system, yields two
characteristic magnetic field-induced superconducting states around 1.6 and 12.5 T in terms of the Jaccarino—Peter com-
pensation effect. Systematic studies on both the chemical pressure effect by a halogen exchange in the alloy system k-
(BETS),FeBr,Cls_, and the physical pressure effect by an application of real pressures in k-(BETS),FeBrs were per-
formed to discuss the 77—d interaction in the K-(BETS),FeBr, system.

Since the discovery in 1973 of the first organic metallic
charge-transfer complex, TTF-TCNQ (tetrathiafulvalene—tet-
racyano-p-quinodimethane),! the development of organic con-
ducting materials based on TTF-type donor molecules has
made great advances in the fields of chemistry and physics.>
In particular, the discoveries of superconductivities in the cat-
ion radical salts based on tetramethyltetraselenafulvalene
(TMTSF) in 1980 and in those based on bis(ethylenedithio)-
TTF (BEDT-TTF) in 1983 have directed considerable atten-
tion to the development of new 7-electron donors.®” The des-
ignability of organic systems has encouraged many chemists to
produce numerous types of novel conducting systems.>* Al-
though organic conducting materials have complicated molec-
ular and crystal structures, the resultant electronic structures
are quite simple, so organic conductors are regarded by phys-
icists as a adequate system for the investigation of electronic
states and well-defined Fermi surfaces by physical measure-
ments, including Shubnikov—de Haas (SdH) and de Haas—
van Alphen (dHvA) oscillations.® Among the materials,
BEDT-TTF, synthesized for the first time in 1978, has played
the most important role in the development of organic conduc-
tors and has yielded many organic superconductors such as k-
type BEDT-TTF superconductors so far. In these, transverse
intermolecular S—S networks play an essential role to form a
two-dimensional electronic structure and to stabilize the result-
ant metallic states.>!” Crystal structures of several kinds of
BEDT-TTF salts have been classified by T. Mori.!" Among

the k-type BEDT-TTF salts, k-(BEDT-TTF),I;3 was reported
by A. Kobayashi et al. (superconducting critical temperature,
T. = 3.6 K) in 1987 as the first superconductor exhibiting a
characteristic two-dimensional k-type arrangement,'”? and
Urayama and co-workers reported the first organic supercon-
ductor that has a 7, higher than 10 K, k-(BEDT-TTF),Cu-
(NCS), (T. = 10.4 K at ambient pressure) in 1988.'3 Very re-
cently, Taniguchi et al. discovered the highest 7¢ in the organic
superconductors under high pressure of 8.2 GPa in 8'-(BEDT-
TTF),ICl, at 14.2 K (Chart 1).'*

Molecular materials are considered to be a suitable system
for constructing novel functional materials by combining sev-
eral kinds of molecular building blocks that have different
functionalities like electrical conductivity, magnetism or opti-
cal properties. Several approaches using TTF frameworks as
building blocks have been extensively studied to explore sys-
tems capable of acting as sensors, liquid crystals, catalysts, or
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switching devices in the fields of macrocyclic and supramolec-
ular chemistry.!> A considerable amount of interest is also fo-
cused on the hybrid systems that consist of 77 donor molecules
and inorganic magnetic anions to investigate the “dual-func-
tional system” between the conductivity and magnetism that
comes from the interplay of 77 and d electron systems, namely,
a “m—d interaction”.'® Such a system was firstly reported
in (BEDT-TTF);CuCly-H,0 in the early 1990’s, in which
BEDT-TTF molecules construct a stable metallic state down
to 0.2 K and Cu* localized spins show a weak short-range
ferromagnetic interaction.'” In 1995, ﬂ"—(BEDT—TTF)4—
(H30)[Fe(C,04)3](C¢HsCN) was proved to be the first para-
magnetic organic superconductor by Day and co-workers,'
and the first organic ferromagnetic metal, (BEDT-TTF);-
[MnCr(C,04)3] was discovered by Coronado’s group in
2000.'° However, in these systems, there is almost no correla-
tion between the conductivity and magnetism and these two
functionalities work independently in the crystals. Usually
the magnetic interaction through the 77—d interaction between
the 7r-conduction electrons that originate from the TTF-like
7t donors and the d-localized spins located on the magnetic
transition metal anion is very small (usually smaller than 10
K order). Therefore, the stabilization of metallic states down
to low temperature is of considerable importance to investigate
the dual-functionality between the metallic conductivity/su-
perconductivity and magnetism. We focused on a selenium-
containing donor, BETS [= bis(ethylenedithio)tetraselenaful-
valene], in which four sulfur atoms of the TTF core of
BEDT-TTF are substituted by four selenium atoms, because
BETS has a strong tendency to form a stable metallic state
down to liquid helium temperatures.”’ Then, we started the de-
velopment of organic metals with magnetic anions like FeCls~
and FeBrs~ to study the interplay of the 7r-conduction elec-
trons and the d-localized magnetic moments.>! BETS conduc-
tors containing magnetic Fe** ions were found to show a
variety of electromagnetic properties.?? Firstly, we investigated
needle-shaped crystals of BETS salts involving transition metal
halides: A-(BETS),MCl; (M = Ga and Fe). Though non-
magnetic GaCly ™ salt exhibits a rather simple superconducting
transition at 7, of 6 K,2* 1-(BETS),FeCly is a remarkable con-
ductor showing surprisingly rich electronic properties. It under-
goes a 7T—d coupled antiferromagnetic insulating transition at
8.5 K at ambient pressure.24 However, it recovers its metallic
behavior under magnetic fields above 11 T, where Fe** spins
are in a forced-ferromagnetic orientation, and then takes a
novel field-induced superconducting state over the broad field
range of 18-42 T for the applied magnetic fields exactly paral-
lel to the conduction plane.? In addition, it becomes a super-
conductor at high pressure by suppressing the antiferromagnet-
ic insulating state.’® Furthermore, in the alloy system, A-
(BETS),Fe,Ga;_,Cl; where magnetic Fe3t moments are dilut-
ed with non-magnetic Ga** ions, an unprecedented supercon-
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ductor-to-insulator transition was observed around x ~ 0.5 as
a result of the competition between the superconducting state
and the antiferromagnetic insulating state.?’

There is another important modification of BETS salts with
the k-type structure: k-(BETS),MX4 (M = Fe and Ga, X = Cl
and Br). Since the discovery of the first k-type organic super-
conductor among the BEDT-TTF salts, the k-type structure
has been recognized to be a very suitable structure to stabilize
metallic states. Several k-type BETS salts have been studied so
far.2021:28 Among many k-type BETS salts that we investigat-
ed, k-(BETS),GaBr4 shows a superconducting transition at 7¢
of 0.5-1.0 K.** On the other hand, k-(BETS),FeBr, that has
magnetic Fe’* spins was revealed to be the first antiferromag-
netic organic superconductor; the successive antiferromagnetic
and superconducting transitions are observed at 2.5 K and 1.1
K, respectively. Here, recent results on the structures, magnetic
and electrical properties of the first antiferromagnetic organic
superconductor: k-(BETS),FeBry are presented (Chart 2).3°
We also investigated the magnetic field dependence of the
electrical resistivities and pursued the possibility for switching
of conducting properties by external magnetic fields and field-
induced superconductivities.?! Furthermore, the physical prop-
erties of the alloy system k-(BETS),FeBr,Cly_, (0 <x <4)
and the pressure dependence of the conducting behavior of
K-(BETS),FeBry are also investigated to discuss the 77—d inter-
action in k-(BETS),FeBr,.3>33

1. Crystal Structure, Band Structure, and
Fermi Surface of k-(BETS),FeBry

Synthesis of BETS was performed according to the method
previously reported by Kato et al.?® However, an available
short-cut method for the synthesis of the intermediate, 2,3-di-
hydro-1,4-dithiin, was reported by Malfant et al.* Preparation
of single crystals of the FeBry salts of BETS was carried out
electrochemically under a constant current of 0.7 LA at 40
°C in a chlorobenzene—ethanol solution (9:1 vol/vol) contain-
ing BETS and tetraecthylammonium iron(Ill) tetrabromide that
was prepared by mixing iron(IIl) tribromide and tetraethyl-
ammonium bromide in hot ethanol.3®® Black plates and black
needles were grown from the anode electrode after several
weeks and were determined to be k-(BETS),FeBrs and A’-
(BETS),FeBry salts by X-ray crystallographic analyses, re-
spectively.?

Figure 1 shows the crystal structure of k-(BETS),FeBr,.3%
The k-(BETS),FeBrs salt belongs to orthorhombic, Pnma
space group with crystal lattice parameters: a = 11.787(6),
b = 36.607(9), ¢ =8.504(5) A, V =36692) A%, Z=38 at
room temperature. As Fig. 1b indicates, the BETS molecules
form dimers, overlapping each other in a “ring-over-bond”
manner, and adjacent BETS dimers are arranged in a roughly
orthogonal manner that is characteristic of the “k-type packing
motif”. 3> There is no essential difference of molecular ar-
rangements between k-(BETS),FeBr, and k-(BETS),FeCly.?!
There is only one Se--Se contact shorter than the sum of the
van der Waals (vdW) radii of selenium atom, 3.796(3) A,
and several short Se--S and S-S contacts (the shortest ones
are 3.593(6) and 3.362(8) A, respectively) between the donor
dimers, as shown in Fig. 1b, suggesting that a two-dimensional
intermolecular network is developed in the donor layer. The
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(a) Crystal structure of k-(BETS),FeBrs where r-conduction layers of the BETS molecules and d-magnetic layers of the

FeBry~ anions are arranged alternately along the b-direction. (b) Crystal structure projected along the b-axis. Short chalcogen—

chalcogen contacts:

el [Se(1)-Se(2)] = 3.796(3), ¢2 [Se(3)-S(4)] = 3.593(6), c3 [Se(1)-S(4)] = 3.656(5), c4 [S(1)-

S(3)] = 3.362(8), and ¢5 [S(1)-S(2)] = 3.369(8) A. Short distances: dI [Br(3)-S(2)] = 3.693(6), d2 [Br(1)-S(3)] = 3.708(6),
d3 [Br(1)-S(1)] = 3.776(6), el [Br(1)-Br(3)] = 4.137(4), and 2 [Br(2)-Br(3)] = 4.637(5) A. Overlap integrals; p 77.33, a
—22.41,¢35.14,and q 8.11 x 1073, (c) Schematic drawing of the crystal habit indicating the crystallographic three principal axes.

BETS dimers form two-dimensional conduction layers in the
ac-plane, and the insulating layers of the FeBr,~ anions are
sandwiched by the donor layers along the b-direction
(Fig. 1a). In the anion layer, the nearest Fe--Fe distances are
quite long values of 5.921(3) A along the a-axis and
8.504(5) A along the c-axis, suggesting that the direct di-
pole—dipole interaction between the Fe’* moments can be al-
most neglected. On the other hand, the shortest Br--Br distance
along the a-axis is 4.137(4) and is much shorter than that along
the c-axis, 4.637(5) A, but these distances are still longer than
the sum of the vdW radii of bromines (3.7 A). These results
suggest that the intermolecular interaction between the anion
molecules is weak, but is relatively stronger along the a-axis
compared to that along the c-axis. In the case of the A-
(BETS),FeCly salt, which shows a very strong 77—d interaction
that results in the 77-d coupled antiferromagnetic insulating
transition, there is a short contact between the selenium atom
of the TSF core and the chlorine atom of the anion (Cl--Se;
3.528 A).ZI However, no Br-Se short contact is observed in
the k-(BETS),FeBr, salt and there are several short Br--S
contacts between BETS and the anion molecules, as indicated
in Fig. 1a (the shortest Br—S distance is 3.693(6) A). Therefore,
the interaction between the m-conduction electrons of the
BETS layer and the d-localized spins of the magnetic anion
layer in the k-(BETS),FeBry salt is weaker than in the case
of the A-(BETS),FeCly salt.

A tight-binding band structure was calculated based on the
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Fig. 2. Band structure and Fermi surface of k-(BETS),FeBry.

extended Hiickel approximation using the room temperature
structural data.°®3¢ The obtained band dispersion and Fermi
surface are shown in Fig. 2. Reflecting the dimer structure of
the k-type salts, the intradimer overlap integral (p; 77.33 x
1073) of the k-(BETS),FeBry salt is much larger than the other
overlaps (a; —22.41, q; 8.11, and c; 35.14 x 10~%). The band
dispersion of k-(BETS),FeBry has four energy branches, and
there is a mid-gap between the upper two branches and the
lower two branches due to the strong dimerization of the donor
molecules. Consequently the upper band becomes effectively a
half-filled one, suggesting a strongly correlated electronic
structure of this salt. The calculated Fermi surface is a two-
dimensional circle and is closed in the XV boundary, similar
to the surfaces of the isostructural xk-(BETS),FeCl; and k-
(BETS),GaCly salts, whose SdH oscillations were already
investigated and shown to be consistent with the calculated
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Fig. 3. Field dependence of magnetoresistances of k-
(BETS),FeBry in the field range of 10-19.8 T at 20 mK
applied perpendicular to the conduction plane (|| b-axis).
The inset shows the Fourier transform spectrum in this
field range (From Ref. 39b).

Fermi surfaces.’” The effect of the localized Fe3* spins on the
two-dimensional electronic system of A- and k-type BETS
salts has been theoretically examined by Hotta et al. based
on the calculation with the mean-field approximation for the
on-site Coulombic interaction, suggesting that k-(BETS),FeBry
has a spin density wave (SDW)-like ground state.?®

In the case of xk-(BETS),FeBrs, SdH oscillation measure-
ments were performed by Uji et al.>® When the magnetic field
was applied perpendicular to the conduction plane (|| b-axis),
the resistivity measured perpendicular to the conduction plane
shows clear SdH oscillations, as shown in Fig. 3. After the
Fourier transformation, three different oscillations (o, B,
and ,32) are observed at 850, 4230, and 4330 T, respectively,
as shown in the inset of Fig. 3. The cross-sectional areas cor-
responding to the @ and B (B, or B,) are estimated to be about
20% and 100% of the first Brillouin zone, respectively. Contra-
ry to the band calculation based on the room temperature struc-
tural data, the observation of the & orbit indicates that the gap
opens in the XV zone boundary; the 8 oscillation corresponds
to a magnetic break-down orbit, suggesting the presence of
some structural phase transition at low temperature. The origin
of the splitting phenomena of the B orbit (B, and B,) will be
discussed later (section 6).

2. Magnetic Properties of k-(BETS),FeBr,

We examined the magnetic properties of the k-(BETS),-
FeBr, salt using a SQUID magnetometer.’®® Static magnetic
susceptibilities were measured on a plate-shaped single crystal
of k-(BETS),FeBry to estimate the anisotropy of the magnetic
properties by applying a magnetic field (50 mT) along the
three crystallographic axes of the single crystal (the a-, b-,
and c-axes). The obtained magnetic susceptibilities at 100—
300 K can be well fitted by the Curie-Weiss plot and give a
negative Weiss temperature (0 = —5.5 K), suggesting that
the dominant magnetic interaction is an antiferromagnetic
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Fig. 4. Temperature dependence of magnetic susceptibili-
ties (x) of a plate-like single crystal of k-(BETS),FeBry4
at 50 mT. x || a (opened squares), x || b (opened circles),
and x || ¢ (opened triangles) represent the magnetic sus-
ceptibilities under the fields applied to the crystallographic
a-, b-, and c-axes, respectively.

one. The obtained Curie constant (C = 4.70 emuK mol™!)
exhibits that the iron(IIl) atom of the FeBr,™ anion is in a
high-spin state. Figure 4 shows the temperature dependence
of susceptibilities (x) in the temperature range of 2 to 10 K.

All the magnetic susceptibilities along the three axes (x || a,
X |l b, and x || ¢) take a similar maximum around 3 K. How-
ever, only x || a exhibits a fairly sharp decrease of susceptibil-
ities below 2.5 K, while x || » and x || ¢ tend to be constant as
the temperature decreases. These results indicate that an anti-
ferromagnetic ordering of Fe** spins occurs around 2.5 K
(=Tn; Néel temperature) with an easy spin axis parallel to
the a-axis. That is, k-(BETS),FeBry is the first organic con-
ductor with an antiferromagnetic metal phase at ambient pres-
sure, because this salt retains its metallic state below 2.5 K, as
described later (section 3). On the other hand, the magnetic
field dependence of magnetizations (M) was measured at 2.0
K, as shown in Fig. 5. The magnetization with the field applied
parallel to the a-axis (M || a) begins to show a rapid increase
from 1.0 T at 2.0 K, then, saturates to the calculated value
of the S = 5/2 spin system at 3.0 T. On the other hand, when
the magnetic field is applied in parallel to the b- and c-axes, the
magnetizations (M || b and M || ¢) increase linearly as the field
increases and tend to saturate around 6.0 T. These results sug-
gest that a metamagnetic transition takes place around 1.5 T
only when the field is applied parallel to the easy axis of the
antiferromagnetic ordering (the a-axis). As mentioned in the
crystal structure of the k-(BETS),FeBry salt, the direct inter-
molecular interaction between the anions along the a-axis
seems to be strong and dominant compared to the cases along
the other axes. However, the interlayer magnetic interaction
through the 77—d interaction, though considered to be relatively
small, should be taken into account to explain the appearance
of the bulk antiferromagnetic transition.

3. Conducting Properties of kK-(BETS),FeBr,

In the previously reported paper,?! the conducting properties
of the k-(BETS),FeBr, salt were examined down to 4.2 K. A
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Fig. 5. Magnetic field dependence of magnetizations (M) at
2.0 K of a plate-like single crystal of x-(BETS),FeBry.
M || a (opened squares), M || b (opened circles), and
M || ¢ (opened triangles) represent the magnetizations for
the fields applied along the three axes of crystal lattice.
A Brillouin function calculated for g = 2 and S = 5/2 sys-
tem is also shown as a dotted line for comparison.
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Fig. 6. Temperature dependence of relative resistivities
of k-(BETS),FeBrs at 0.6-300 K measured along the
ac-plane at zero field. (Inset: in the temperature range
between 0.6 and 4 K.)

large decrease of resistivities even around liquid helium tem-
perature was found as the temperature decreased. Therefore,
to examine the detailed conducting properties, especially at
low temperatures, we measured the electrical resistivities of
k-(BETS),FeBr, down to 0.6 K using a *He cryostat and a su-
perconducting magnet.’® Figure 6 shows the temperature
dependence of relative resistivities at ambient pressure. This
salt shows a very high electrical conductivity of 36 Scm™!
at room temperature. The resistivity decreases very slowly
from room temperature to about 200 K. Contrary to the normal
metallic behavior of k-(BETS),FeCly,>' k-(BETS),FeBr4 with
a large size of iron tetrabromide anion shows a gradual in-
crease of resistivities below 200 K and takes a characteristic
peak around 60 K, below which the resistivity decreases very
rapidly by several orders. Such a resistivity peak has often
been observed in the k-type BEDT-TTF superconducting salts

Bull. Chem. Soc. Jpn., 78, No. 7 (2005) 1185

and is a characteristic behavior of the strong electron correla-
tion systems that have a strongly dimerized k-type donor
arrangement. Indeed, the calculation of the intermolecular
overlap integrals based on the extended Hiickel approximation
revealed that the intradimer interaction of the k-(BETS),FeBry
salt (p; 77.33 x 1073) is stronger than that of the k-
(BETS),FeCly salt (64.37 x 1073), which shows no resistivity
peak around 60 K.?!

As seen from the inset of Fig. 6, the resistivity shows a
small step-like decrease around 2.5 K where the antiferromag-
netic transition of the Fe3* spins takes place. This clearly
shows that the resistivity is depressed by the disappearance
of magnetic scattering due to the antiferromagnetic ordering
of the Fe’* spins and can be regarded as direct evidence for
the important role of the interaction between r-conduction
electrons and d-localized magnetic moments. Furthermore, a
superconducting transition was observed at 1.1 K. In the cases
of the A-type alloy system, A-(BETS),Fe,Ga;_,Br,Cls_,
(0.35 < x < 1,y < 0.5), which also shows both superconduct-
ing and antiferromagnetic transitions, the superconducting
state is broken by the development of antiferromagnetic order-
ing of Fe3* spins to result in the superconductor-to-insulator
or superconductor-to-metal transitions, and superconductivity
and antiferromagnetism can not coexist.?’” However, K-
(BETS),FeBr,4 undergoes the transition from the antiferromag-
netic metal phase to the superconducting phase.

To examine the conducting properties under magnetic
fields, we measured the electrical resistivities along the a-axis
of a plate-like single crystal under the magnetic field applied
along the crystallographic three axes: H | a, H || b, and
H || ¢ below 5 K. The temperature dependences of resistivities
under magnetic fields are plotted in Figs. 7a, b, and c. When
we applied the magnetic fields along the easy axis of the anti-
ferromagnetic transition (H || a), the resistivity drop at Ty
(~2.5 K) under zero magnetic field shifts quickly to the lower
temperatures and disappears at 1.8 T. On the other hand, when
we applied the magnetic fields along the b- and c-axes (the
magnetic hard-axes), the temperature shifts of the resistivity
drop are very small up to 1.0 T and then the drop gradually
moves to the lower temperatures and vanishes at 4.0 T. The
magnetic field dependence of the temperature of the resistivity
drops is completely the same as that of the Néel temperatures
(Tx) measured by a SQUID magnetometer. These results prove
that the resistivity drops at the Néel temperature originate from
the antiferromagnetic ordering of the Fe** localized spins and
that there is 77—d interaction between the BETS m-conduction
electron system and the Fe3* d-spin system. Furthermore, the
temperature dependence of the resistivities is still metallic un-
der magnetic fields over 3.0 T along the ag-axis. It is thus clear
that the metallic state coexists with the forced ferromagnetic
state metamagnetically induced by the applied magnetic field.

A sharp superconducting transition is observed at 1.1 K un-
der zero magnetic field and is suppressed by the application of
a magnetic field. However, the suppression of the supercon-
ducting transition exhibits a remarkable anisotropy in terms
of the direction of the applied magnetic fields. As shown in
Fig. 7b, when the magnetic field is applied perpendicular to
the conduction ac-plane (H || b), the superconducting state is
quickly broken and normal metallic state is recovered at weak
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Fig. 7. Temperature dependence of normalized electrical
resistivities (R/Ry) of k-(BETS),FeBr, at 0.6-3.0 K mea-
sured along the a-axis under the indicated magnetic fields
applied (a) along the a-axis, (b) along the b-axis, and (c)
along the c-axis.

magnetic fields over 0.2 T. This is consistent with the cases of
the k-type two-dimensional organic superconductors like the
k-(BEDT-TTF),X salts,® in which the superconducting state
is quite anisotropic and the upper critical field when the field
is applied perpendicular to the conduction plane is consider-
ably smaller than that for the case applied parallel to the con-
duction plane. However, the superconducting states of the con-
ventional k-type salts are usually almost isotropic in the con-
duction plane. On the other hand, in the k-(BETS),FeBry salt,
the situation is quite complex due to the existence of the anti-
ferromagnetic ordering and metamagnetic behavior of the
Fe’* localized internal spin system. When one applies the
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magnetic fields along the easy axis of the antiferromagnetic
transition (H || a), the superconducting transition is gradually
suppressed to 1.0 T, then almost broken suddenly at 1.6 T.
On the other hand, the application of the magnetic fields along
the hard axis (H || ¢) makes a quicker suppression of the super-
conducting state than in the case applied along the easy axis.
This anisotropic behavior of the magnetic field dependence
of the superconducting state in the conduction plane is consid-
ered to originate from the difference of the internal magnetic
fields produced by the magnetization of the Fe’* d-spins of
the anion layers that is anisotropically induced by the applied
magnetic fields (see section 6).

4. Specific Heat Measurements of «-(BETS),FeBr,

The k-(BETS),FeBr, salt shows the transition from the an-
tiferromagnetic metal phase to the superconducting phase. It is
of considerable interest to investigate whether the antiferro-
magnetic spin ordering and superconductivity coexist below
the Néel temperature. To confirm the bulk nature of the phase
transitions and to inquire into the possibility of the coexistence
of the spin ordering and the superconductivity at low-temper-
atures, we performed specific heat measurements by the ther-
mal relaxation method using a 3He cryostat down to about
0.9 K.3% The temperature dependence of the specific heat
(Cp) of the k-(BETS),FeBry salt is shown in Fig. 8. In Fig. 8,
the zero-field specific heat shows a large anomaly character-
ized by a sharp A-type peak at 2.5 K, which corresponds to
the antiferromagnetic transition temperature detected by the
magnetic susceptibility measurements. The integration of
C,/T vs T curve with respect to temperature gives the infor-
mation on the entropy [S(7)] distribution around the peak, as
shown in Fig. 9. The value of the entropy [S(7)] reaches to
RIn6 (=RIn(2S+ 1) =149 Jmol"'K~!' for $S=5/2) at
about 3.8 K, corresponding to the full entropy that comes from
the magnetic specific heat based on the degenerate freedom of
S =5/2 spins, although we cannot exclude some additional
entropy coming from the lattice specific heat that becomes
gradually larger as the temperature increases. By applying
magnetic fields perpendicular to the ac-plane, one finds that
the peak position shifts to lower temperatures of 2.36 K at
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Fig. 8. Temperature dependence of specific heats (Cp) of k-
(BETS),FeBrs measured under zero-field (closed circles),
1.0 T (opened squares), and 2.0 T (closed triangles) at 0.9—
4 K.
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1.0 T and 2.05 K at 2.0 T, respectively. These results imply
that the observed magnetic ordering is surely an antiferromag-
netic one and that the spin state of the Fe* ions is an § = 5/2
high-spin state. In addition, we cannot observe any anomaly
around the superconducting transition temperature (1.1 K),
which demonstrates that the antiferromagnetically ordered
state is not destroyed by the appearance of another phase tran-
sition, namely the superconductive transition in the 77-conduc-
tion layers. Therefore, the antiferromagnetic ordering and the
superconductivity coexist at low temperatures below 7. =
1.1 K. This is the first organic salt in which the long range
magnetic ordering of the magnetic anions mediated by 7r-elec-
tron donor molecules and the superconductivity based on the
7r-conduction electrons in the donor layers coexist in a hybrid
structure composed of the antiferromagnetic insulator and
superconductor layers.

5. Switching of Conducting Properties by the Combination
of the Metamagnetism and Superconductivity

For the practical realization of molecular electronic devices,
it is essential to develop the “dual-action system” whose con-
ducting properties can be sharply controlled by external forces.
A possible candidate for the dual-action system is a hybrid sys-
tem consisting of the organic layers responsible for electrical
conductivities and the inorganic layers with localized magnetic
moments, where the conductivity can be controlled by tuning
the magnetic states of the inorganic layers. To investigate
the field dependence of resistivities and to examine a possibil-
ity of switching of conducting properties, the electrical resis-
tivities of k-(BETS),FeBr,; were measured parallel to the a-ax-
is by a four-probe technique.?' The axis of the crystal was
carefully oriented to the applied magnetic field because the
magnetic field-induced phenomena like field-induced super-
conductivity are very sensitive to the inclination of the applied
fields from the conduction plane due to an orbital effect which
destroys superconductivities.

The resistivity measurements were performed up to 2.0 T to
confirm the field-induced transition between the antiferromag-
netic superconducting state and the forced-ferromagnetic metal
state. As shown in Fig. 10, the resistivity suddenly increases at
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odic superconductor—metal switching synchronizing with
the periodical modulation of the applied magnetic field
(H || a) around 1.6 T at 0.59 K.

about 1.6 T with an increase of the applied magnetic field ap-
plied parallel to the a-axis (]| easy axis) at 0.58 K, and the sys-
tem recovers its metallic state. This field of the destruction of
the superconducting state just corresponds to the metamagnetic
transition field of the Fe’* spin system. These results suggest
that the internal field that originates from the 77—d coupling be-
tween the 77 electrons and the ferromagnetically aligned Fe’*
spins, which is sharply induced at 1.6 T, destroys abruptly the
superconducting state. Therefore, this phenomenon is consid-
ered to originate from the bi-functionality of the 77—d coupled
magnetic organic superconductor k-(BETS),FeBr,, where an
unprecedented combination of metamagnetism and supercon-
ductivity is realized. To investigate the switching functionality
of electrical resistivities, we measured the resistivity of k-
(BETS),FeBry at 0.59 K while periodically changing external
fields around 1.6 T. We found that the superconducting state
can be sharply switched on or off by controlling the metamag-
netism of the anion layers by external fields (Fig. 11).
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field (Hey) dependence of the induced internal field (Hi,) by the Fe** spin system and the effective field (H.g) on the BETS lay-
ers, which is obtained as Heff = Heyy — Hine. The suffix || @ and || ¢ denote that the external field (H.x) was applied parallel to the
a-axis and c-axis, respectively. The dotted line: Hey; thin lines: Hiy; thick lines: Heg. H, is the internal field from the fully mag-
netized Fe3*t spin system. Hjp; and Hjp, indicate the fields for the Jaccarino—Peter compensation effect.

6. Magnetic Field-Induced Superconductivities
in k-(BETS),FeBry

In general, superconductivities are destroyed by applied
magnetic fields. However, Uji et al. discovered a magnetic
field-induced superconductivity (FISC) under very high mag-
netic fields (18 T < H < 41 T) in the A-(BETS),FeCly salt
in 2001;% this is considered to be caused by the Jaccarino—
Peter compensation effect.** Figure 12a shows a schematic
drawing of the Jaccarino—Peter compensation effect. When
the magnetic field (H.y) is applied, the Fe>* spin system has
a magnetization corresponding to the strength of the applied
field; H.x causes a negative internal field (Hj,) on the conduc-
tion layer by a negative exchange interaction (J < 0) through
the 7—d interaction. Then, if such a negative internal field
caused by the Fe’* spin and a positive external field are
cancelled out, the effective magnetic field (Hesr) becomes zero
and FISC can appear because of the suppression of a Zeeman
effect that destroys superconductivities under applied magnetic
fields.

In the field dependence of magnetoresistances when the
field is applied parallel to the a-axis, a conspicuous resistivity
decrease was observed just below the abrupt resistivity in-
crease at 1.6 T, as shown in Fig. 10. As mentioned before,
the superconducting state is broken by the sudden appearance
of the metamagnetically induced internal field. Namely, such
an internal field created by the Fe** spins is considered to pro-
duce a negative magnetic field on the m-electron system
through the antiferromagnetic exchange coupling between
the d and 77 electron systems. Then, around the onset field of
the metamagnetic transition, there should be a magnetic field
where the applied external field (H.y) is balanced with the rap-
idly growing internal field (Hiy). At this point, the supercon-
ductivity tends to be stabilized because of a reduced effective
field on the 7 electron system (Hcs). Thus, the resistivity
minimum around 1.6 T suggests the compensation of Hy by
Hiy. Figure 12b illustrates the relationship between H.g
(=Hext — Hiny) and H.y. Here we assumed Hj, to be propor-

tional to the magnetization of the Fe3* spins that shows the
metamagnetic transition, as shown by the thin lines in
Fig. 12b. When applying the external magnetic field parallel
to the easy axis (H || a), the sign of He || a is considered to
be changed from positive to negative at 1.6 T (Hyp;) and then
to return to positive at the field (Hjp, = H,) corresponding to
the internal field (H,) produced by the fully magnetized Fe3*
spin system. Consequently, there should be two zero-field
points at Hyp; and Hypy (Hegr = 0). Therefore, it may be possi-
ble to discover another FISC state around H, if T. of this su-
perconducting state is not too low to be detected. On the other
hand, on the application of the magnetic field parallel to the
hard axis (H || ¢), initial effective fields are already negative
because of a large magnetization of Fe3* spins, and only one
compensation point will be expected at the same compensation
field of Hypy (=H,), as shown in Fig. 12b.

In order to confirm the possibility of this FISC, we per-
formed further investigations of magnetoresistances under
the magnetic fields up to 15 T applied along the a axis
(H || @) and ¢ axis (H | ¢) at the temperatures indicated in
Fig. 13. In contrast to the case of H || a, where the sharp “anti-
ferromagnetic superconductor-to-ferromagnetic metal transi-
tion” is observed around 1.6 T (Hjp;), only gradual breaking
of the superconducting state is observed for H || ¢. Needless
to say, this anisotropic resistivity behavior comes from the
interplay between the magnetic ordering and superconductivi-
ty. When the magnetic field is increased up to 15 T, further
anomalies are observed at the field range of 10-15 T below
0.75 K for both magnetic fields H || @ and H || ¢, as shown
in Fig. 13. Although the lowest experimental temperatures
are not sufficiently low, the resistivity changes between 1.19
K (the normal state) and the lowest measured temperatures
[0.58 K (H || a), 0.60 K (H || ¢)] plotted in the insets strongly
suggest the onset of FISC around 12.5 T (= Hjp,).

Very recently Konoike et al. examined the magnetoresist-
ances down to lower temperature of 27 mK using a dilution
refrigerator and a sample rotator that enables a setting of the
crystal exactly parallel to the magnetic fields to confirm zero
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dicated several temperatures under the magnetic field ex-
actly parallel to the g-axis up to 17.5 T (From Ref. 41).

resistivities in the FISC state.*! Measurements were performed
under high magnetic fields up to 17.5 T with electrical currents
perpendicular to the conduction plane (/ || b). Figure 14 shows
the field dependence of resistivities at various temperatures for
the magnetic fields exactly parallel to the a-axis. As the mag-
netic field increases, the superconductivity is broken at about
1.8 T, followed by a step-like increase indicated by an arrow.
At 27 mK, the resistivity increases almost linearly above 2 T,
and then shows a steep drop above 8 T. In the field region of
about 11-14 T, the resistivity becomes almost zero within the
instrumental resolution (below noise level). This behavior
strongly suggests the FISC state in this salt. At higher fields
above 16 T, this state seems to be completely removed. As
the temperature increases, the field region of the FISC phase
becomes narrower and the FISC state is almost completely
suppressed at 1 K.

This field of the FISC just corresponds to the field (12 T)
theoretically predicted by Cépas et al. on the basis of the split-
ting of Shubnikov—de Haas (SdH) frequencies.*? In the previ-

ous SdH oscillation measurements in K-(BETS),FeBry, two
peaks in the Fourier transform spectrum, which arise from
the magnetic breakdown S orbit, were observed as shown in
Fig. 3.°° In the presence of a large internal field, it is expected
that two frequencies corresponding to the two Fermi surfaces
of the up and down spin electrons will be observed. The inter-
nal field can be directly calculated from the difference of the
frequencies, AF = (1/4)g x (megr/mo) X Hy, where meg is
the effective mass (=7.9mg) and g is the g-factor. Assuming
g = 2, we obtain the internal field of 12.7 T. This value is in
quite good agreement with the center field of the FISC region.
Therefore, we conclude that this FISC is induced by the
Jaccarino—Peter compensation mechanism as in the case of
A-(BETS),FeCl;.”> From the discovery of the FISC in «-
(BETS),FeBry, it is undoubted that the FISC is a universal
phenomenon if the conditions: i) low dimensionality, ii) pres-
ence of the large localized magnetic moments, and iii) strong
negative exchange interaction J between the conduction elec-
trons and magnetic moments, are satisfied.

The critical field of this FISC state (Hyp, = 12.5 T) is about
one-third of that of the first magnetic field-induced organic su-
perconductor A-(BETS),FeCly (Hjp = 33 T). These two salts
have several similarities: they have the layered structure con-
sisting of the two-dimensional conduction layers and they have
the insulating layers involving the magnetic iron atoms that
show the antiferromagnetic transition at low temperatures.
But their ground states are quite different. In the A-
(BETS),FeCly salt, the strong 7m—d coupling suggested from
strong contacts between chlorine and selenium atoms results
in the cooperative transition to the antiferromagnetic insulating
state at Ty. On the other hand, such short intermolecular con-
tacts were not observed in K-(BETS),FeBrs and consequently
the metallic state could be maintained during the antiferromag-
netic transition of the anion layers and thus the antiferromag-
netic superconducting state is realized. Estimation of the 77—d
interaction in the A-(BETS),FeCly and k-(BETS),FeBr, salts
was examined by T. Mori et al. using a mean-field approxima-
tion based on intermolecular overlap integrals. Their results
suggested that the 77—d interaction of k-(BETS),FeBry is quite
small in comparison with that of A-(BETS),FeCl,.*? There-
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fore, the induced internal magnetic field on the BETS layers in
Kk-(BETS),FeBry is considered to be weaker than that in A-
(BETS),FeCly, which is consistent with the smaller compensa-
tion field of x-(BETS),FeBry. However, for H || a, the situa-
tion of k-(BETS),FeBr, is more complicated because of the
existence of the metamagnetic transition which makes this sys-
tem a “dual-functional” material and gives rise to the field-
induced resistivity decreases suggesting the stabilization of
the superconducting states at two characteristic magnetic fields
of 1.6 T and 12.5 T.

7. Thermal Conductivity of k-(BETS),FeBry
under Magnetic Fields

While the antiferromagnetic transition was confirmed by the
specific heat measurements, no specific heat anomaly was
found at T¢. Characterization of the superconducting state in
this material is still quite important. Tanatar et al. recently re-
ported the results on the thermal conductivity and electrical re-
sistivity measurements of k-(BETS),FeBr, in magnetic fields
applied parallel to the conduction plane.** The contacts to
the crystals were made by Au evaporation on the top and side
surfaces of the sample and by gluing Pt wires with Ag contact
paste. This procedure provided contact resistance values of 0.1
to 0.5 Q. Measurements of thermal conductivity were per-
formed with heat current along the a-axis in the conduction
plane by a standard steady-state one-heater-two thermometers
technique in a miniature rotatable vacuum cell, as described
elsewhere.®

Figure 15 shows the temperature dependence of the thermal
conductivity together with that of the electrical resistivity be-
low 3 K. A clear change is seen in both curves at 7. It indi-
cates that the magnetic moments of the Fe** ions are not com-
pletely isolated from the conduction band formed by the
HOMO orbitals of BETS molecules, and that there is a notable
7—d interaction. It is noteworthy that the superconducting tran-
sition does not give a sharp anomaly in «(7) at T, while at
0.14 K, the base temperature of our experiment, the difference
between the normal and superconducting states accounts for
70% of the electronic conductivity in the normal state estimat-
ed from the Wiedemann-Franz law. This clearly shows that
the main superconducting state is bulk in nature.

The field dependence of kK and p up to 17 T for H || ¢ is
shown in Fig. 16. The transition from the main superconduct-
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Fig. 15. Temperature dependence of thermal conductivities
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T (From Ref. 44).
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ing phase into the normal metallic state is gradual and looks
2nd order in this direction. On H increase above H.,, both p
and « show a tiny anomaly at 4 T, which corresponds to a
metamagnetic transition field for this field direction; then both
p and k show a shallow dip in the field range of ca. 10 to 15 T.
In terms of the Wiedemann—Franz law, k/p = constant at a
constant temperature, a decrease of electrical resistivity in
the normal state should lead to an increase of thermal conduc-
tivity. This simultaneous decrease in kK and p in our observa-
tion strongly indicates the system is really in a new supercon-
ducting state. A clear change of the thermal conductivity in
both superconducting states provides some evidence for the
bulk origin of superconductivity, coexisting with the magnetic
order in both main and reentrant states.

8. Physical Properties of the «-(BETS),FeBr,Cly_,
(0 < x = 4) Alloy System

The specific heat measurements of k-(BETS),FeBr; showed
that the Fe’* spins undergo a transition from paramagnetic
state to three-dimensionally ordered state around 2.5 K, while
the transition entropy of k-(BETS),FeCly suggested the low-
dimensional nature of the Fe** spin system.*®® In contrast to
the A-type salt, where the crystals of A-(BETS),MBr,Cly_,
(M = Fe and Ga) can be obtained only for a small x-range
(x < 1.0),*” Br and CI atoms are exchanged freely in the k-
type alloy system, k-(BETS),FeBr,Cly_, (0 < x < 4). There-
fore, the magnetic and superconducting properties of the -
type salt can be modified continuously over a wide range of
the x-value. Then, we examined the electrical and magnetic
properties of the k-(BETS),FeBr,Cly_, alloy system to study
the “chemical pressure effect” on the physical properties.3>

Plate crystals of k-(BETS),FeBr,Cly_, (0 <x <4) were
obtained electrochemically using mixed supporting electro-
Iytes of [(CyHs)4N]FeBr4 and [(C,Hs)4N]FeCly with a suitable
mixing ratio. The Br content (x) were estimated by the unit cell
volume of the crystals (V), which can be fitted by the linear
relation: V (A3) = 3557 + 28x. The lattice constants, ¢ and
¢ are only slightly dependent on x; however, the b-axis be-
comes shorter with the increase of the CI content, suggesting
that the thickness of the anion layer changes remarkably by
the substitution of the halogen atoms. It is interesting that,
despite the large difference in the temperature dependence of
resistivities between FeBry~ and FeCly™ salts, only a slight
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Fig. 17. Temperature dependences of magnetic susceptibil-
ities (x) of single crystals of k-(BETS),FeBr,Cl,_, for the
field (50 mT) parallel to the a-, b-, and c-axes. a: x = 4, b:
x=2343,¢c:x=296,d: x=2.37, and e: x = 1.69.

structural change occurs in the conduction layer (namely, in
the ac plane).

Magnetic susceptibility measurements were carried out at
the field of 50 mT applied parallel to the a-, b-, and c-axes.
The temperature dependences of magnetic susceptibilities of
Kk-(BETS),FeBr,Cly_, (x =4, 3.43, 2.96, 2.37, and 1.69) are
shown in Fig. 17. The sharp susceptibility decrease corre-
sponding to the antiferromagnetic transition becomes incon-
spicuous with decreasing x from x = 4, and is hardly observ-
able above 2 K for the field parallel to the ag-axis in the sample
of x =2.37. However, the susceptibility decreases are ob-
served in the samples of x = 2.37 and 1.69 only for the field
parallel to the b-axis. These results suggest that the easy axis
of the antiferromagnetic ordering tends to move from the a-
axis to the b-axis with increasing the CI content. Similar rota-
tion of the easy axis of spin structure by the halogen exchange
has been observed in the antiferromagnetic insulating state of
A-(BETS),FeBr,Cly_,.*”® The antiferromagnetic transition
temperature (7y) is decreased with decreasing x and is ob-
served at 0.45 K for k-(BETS),FeCly.*® These results indicate
that the magnetic interaction between the Fe** spins in k-
(BETS),FeBr,Cly_, becomes weaker with increasing the Cl
content, regardless of the decrease of the thickness of the anion
layer. It seems that the relatively small energy differences be-
tween 3d orbitals of Fe and 4p orbitals of Br atoms compared
with 3p orbitals of Cl atoms, which will increase the “d—p mix-
ing”, and the large electron cloud of the Br atom will contrib-
ute to enhance the intermolecular magnetic interaction through
the halogen atoms.*> Therefore, the antiferromagnetic interac-
tion between the adjacent FeX,~ (X = Br, Cl) anions through
the X--X and X--S (or Se) contacts will be reduced with
increasing the Cl content.

The electrical resistivities were measured down to 0.65 K
along the conduction plane (the ac-plane). Temperature
dependences of normalized electrical resistivities of k-
(BETS),FeBr,Cly_, (x=4, 3.86, 3.54, 3.43, 2.96, 2.82,
1.69, 1.04, and 0) are shown in Fig. 18. The maximum of
resistivities around 50 K observed in k-(BETS),FeBry, indicat-
ing the strong correlation of 7-conduction electrons, is sup-
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Fig. 18. Temperature dependences of normalized electrical
resistivities (R/Ry) of k-(BETS),FeBr,Cly_,. a: x =4, b:
x=3.86, ¢c: x=3.54, d: x=343, e x=2.96, f:
x=2.82,g:x=1.69, h: x =1.04, and i: x = 0. The inset
shows the resistivity behavior at low temperature region
below 4 K.

pressed with the increase of Cl content as if the crystals
are subject to pressures [so-called “chemical pressure effect”
associated with the halogen exchange as observed in A-
(BETS),MBr,Cly_, (M =Fe and Ga) alloy syste:m]47 and
almost disappears in the sample of x = 1.69. The role of
Fe*™ moments will not be essential for this systematic change
of the resistivity behavior, because a similar difference of the
resistivity behavior has been observed also in k-(BETS),GaXy
(X = Br, C1).2! On the other hand, the electrical resistivities at
low temperatures are decreased with the increase of the Cl
content. As shown in the inset of Fig. 18, the onset temperature
of superconducting transition determined from the resistivity
decrease shifts to lower temperatures with increasing the Cl
content. For example, T.(onset) is 1.2 K for the sample with
x = 3.86 and that of x-(BETS),FeBr, is 1.45 K. In the case
of k-(BETS),FeBr;96Cl 4, a slight decrease of electrical
resistivities is still observed below 0.85 K. Therefore, the
Br/Cl disorder in the anion sites seems unimportant in the
superconducting transition of k-(BETS),FeBr,Cly_,. The
step-like resistivity decrease, corresponding to the antiferro-
magnetic transition, is observed at 2.5 K—1.4 K for the sample
with x = 4-1.69.

The temperature vs x-value phase diagram of x-(BETS),-
FeBr,Cly_, (0 <x <4) was obtained by summarizing the
experimental results on the electrical resistivities and magnetic
susceptibilities (Fig. 19). The paramagnetic metallic phase
exists around room temperature. The paramagnetic nonmetal-
lic phase appears around 50-250 K for the samples of x > 1.69
and is suppressed gradually with the increase of Cl content.
Moreover, the antiferromagnetic metallic phase is observed
below 2.5 K, but Ty is lowered with increasing the Cl content.
The antiferromagnetic superconducting phase exists in the
lowest temperature region, but the superconducting transition
is difficult to observe for the samples of x < 2.96 in the present
experiments. Since there is no other molecular conductor like
Kk-(BETS),FeBr,Cl,_, exhibiting successive antiferromagnetic
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squares: the superconducting transition temperatures
(T,). For k-(BETS),FeCly, the reported data of Ty and
T. are adopted (Refs. 46 and 48).

and superconducting transitions, this phase diagram is the first
diagram showing the relationship between the magnetic and
superconducting transition temperatures in the molecular sys-
tems. Though both log(7y) and log(7.) seem to decrease
approximately linearly with increasing the Cl content, their
x-dependences are not wholly identical to each other. The
log(T.) vs x line seems to be connected smoothly with the
datum point of T, of k-(BETS),FeCly (T, = 0.17 K)*® but
the antiferromagnetic transition temperature of the FeCl, ™ salt
(Ty = 0.45 K)*** is somewhat lower than the temperature
expected from the x-dependence of 7y obtained for x >
1.69. This discrepancy seems to be related to the low-dimen-
sionality of the Fe3* spin system of the FeCl,~ salt.*®

9. Hydrostatic Pressure Dependence of Electrical
Resistivities of k-(BETS),FeBr,

For the purpose of further understanding of the 77—d interac-
tion in K-(BETS),FeBrs, we measured electrical resistivities
under high pressure by use of a clamp-type pressure cell made
of Be/Cu alloy and Daphne 7373 oil (Idemitsu Company) as a
pressure medium.’®> As shown in Fig. 20, the characteristic
broad maximum around 50 K observed under atmospheric
pressure is suppressed by applying pressure and disappears
around 2.5 kbar; above 3.5 kbar the resistivity shows a mono-
tonic decrease down to low temperatures. As discussed above,
the prominent broad peak is considered to be a sign of the
strong correlation of 77 conduction electrons. Thus, the sup-
pression of the broad resistivity peak of x-(BETS),FeBr, at
high pressure suggests the enhancement of the intermolecular
transfer integral between the BETS dimers. The same suppres-
sion of resistivity peak was also realized by the chemical
pressure effect in the alloy system x-(BETS),FeBr,Cly_,
(0 < x < 4), as discussed in section 7.

In the k-(BETS),FeBr,Cly_, (0 < x < 4) alloy system, the
Néel temperature Ty and the superconducting transition tem-
perature 7 decrease as the content of bromine (x) decreases,
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Fig. 20. (a) Temperature dependence of normalized resis-
tivities (R/Ry) of k-(BETS),FeBr, at high pressure (<5
kbar): a, 1 bar (ambient); b, 2 kbar; c, 3 kbar; d, 3.5 kbar;
e, 4 kbar; f, 5 kbar. (b) The expansion of the low-temper-
ature region below 3 K.

in other words, as the chemical pressure increases. Therefore,
if the real pressure gives the same effect on the resistivities as
the chemical pressure, both Ty and 7, will decrease by apply-
ing pressures. Similar to most of the other organic supercon-
ductors, T, of k-(BETS),FeBry is reduced by applying pres-
sure.> The T, value of k-(BETS),FeBrs becomes less than
0.5 K around 4 kbar. However, as shown in Fig. 20b, although
T. of k-(BETS),FeBry decreases with increasing applied
real pressure, 7y increases as the real pressure increases.
Figure 21 shows the pressure—temperature phase diagram of
K-(BETS),FeBry.

Thus, the real pressure affects the magnetic properties
contrary to the chemical pressure. In terms of the halogen
replacement from bromine to chlorine atom in k-(BETS);-
FeBr,Cls_,,>? both the direct d—d interaction between the
anions and the 77—d interaction between the donor and anion
will be strongly reduced, regardless of the decrease of the
thickness of anion layer. On the other hand, both the intermo-
lecular d—d and 77—d interactions will increase with increasing
the real pressure, which will result in the enhancement of the
magnetic transition temperature.

Concluding Remarks

The k-(BETS),FeBry salt is the first organic salt in which
the long range antiferromagnetic ordering (Ty = 2.5 K) of
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Fig. 21. (a) Pressure—temperature phase diagram of k-
(BETS),FeBr,. The circles and squares denote the Néel
temperatures Ty and critical temperatures 7T, respectively
(white and grey: I || a; black: I || b).

the Fe3* localized spins and the superconductivity (7. = 1.1
K) based on the 77-conduction electrons in the donor layers co-
exist in the hybrid structure composed of the antiferromagnetic
insulator and superconductor layers. This coexistence had been
observed in the inorganic ternary systems like as the rhodium—
boride phase, RERh4B4 (RE = Nd, Sm) and the Chevrel com-
pounds, REMogSg (RE = Gd, Tb, Dy, and Er) in which the 4d
electrons of Rh or Mo atoms show superconductivity and the
4f spins of rare earth atoms order antiferromagnetically below
T..40 However, except the k-(BETS),FeBr, salt, the phase
transition from the antiferromagnetic metal phase to the anti-
ferromagnetic superconducting phase had been observed in on-
ly the Ho(Ir,Rh;_,)4B4 (x > 0.6) system.>' The magnetic field
dependence of magnetoresistances suggests that the supercon-
ductivity in this system has a remarkable anisotropy in the con-
duction plane because of the metamagnetism of the Fe3* local-
ized spin system, in contrast to the cases of the other conven-
tional organic superconductors. Furthermore, we discovered
two characteristic field-induced superconducting regions
around 1.6 T and 12.5 T that are caused by the combination
of the metamagnetism and superconductivity in terms of the
Jaccarino—Peter compensation effect. This means k-(BETS);-
FeBr; is the 7—d interacted dual-functional organic supercon-
ductor in which the superconducting state can be controlled
by the magnetic state of the internal magnetic d-spin system.
We investigated the chemical pressure effect by a halogen
exchange in the alloy system k-(BETS),FeBr,Cly_, and the
physical pressure effect by an application of real pressures in
k-(BETS),FeBry, and showed that the 77-d interaction and
the d—p mixing of anion molecules in the k-(BETS),FeBry sys-
tem play important roles in the appearance of the antiferro-
magnetic long-range ordering.

As one of different approaches to the magnetic molecular
conductors, several attempts have been performed to achieve
the synthesis of donor and acceptor molecules to which stable
radical parts are directly connected for the realization of the
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strong interaction between sr-conduction electrons of the con-
ducting part and localized spins of the organic stable radical
parts.’> However, the large steric hindrance of stable radical
parts had made it difficult to construct enough conduction
pathways necessary for highly conducting cation radical salts
so far. To overcome these problems, we focused on the 77-
extended donor skeletons, which are effective for establishing
sufficient intermolecular overlap integrals and 7r-conduction
bands. We reported several m-extended donor molecules that
contain a stable organic radical part (1-5) (Chart 3),** and
discovered highly conducting cation radical salts using a bis-
fused TTF skeleton called as “TTP”> that contains PROXYL
radical substituent 4.5

Very recently, we successfully determined the first crystal
structure of a cation radical salt based on a TTP derivative,
(5)4AsF.%® In this salt, the TTP skeletons of the donor mole-
cules form m-conduction layers that show a relatively high
room temperature conductivity of about 1 Sem™!. The radical
parts and the AsFg~ anions form insulating layers sandwiched
between the 77-conduction layers. Furthermore, magnetic prop-
erties of this salt suggest the coexistence of the conduction
electron and the localized spin in a molecule around room tem-
peratures. These conditions will allow pure organic magnetic
conductors to be constructed in the near future. These funda-
mental studies on the bifunctionality of organic conductors
are a useful first step for realizing future nano-scaled function-
al molecular electronic devices.
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