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B-[(CH3)4N][Pd(dmit),]» is isomorphic to [(CH3)4N][Ni(dmit);],, which is the first pure 7 acceptor molecular

conductor exhibiting a superconducting transition. The crystal structure at low temperature, pressure dependence of the
resistivity and the magnetic susceptibility of S-[(CH3)sN][Pd(dmit),], were examined. The general features of the phase
diagram of f-[(CHj3)sN][Pd(dmit),], resemble those of the organic superconductors. At ambient pressure, the resistivity
increases gradually with lowering temperature. A superconducting transition was observed at 6—9 kbar. The highest T
was 6.5 K. Between 5 and 6.3 kbar, a characteristic rapid resistivity decrease was observed at the small temperature range
above the offset temperature of the superconducting transition. Although the resistivity is not zero, this temperature region
can be regarded as a “pre-superconducting region.” Above 9 kbar the metallic state is stabilized down to low temperature.
Above 5 kbar, most of the crystals exhibited resistivity anomalies around 60 K, which may be ascribed to the metal-
insulator transition of the domains with a-type structure (a-[(CH3)sN][Pd(dmit),],), which became mixed in with the
crystals of -[(CHs3)4N][Pd(dmit),],. The resistivity data of the highly conducting state were very noisy in the pressure
range where the superconducting transition could be observed.

Since the first discovery, more than 15 years ago, of an
organic superconductor, (TMTSF), PFs (TMTSF=tetrameth-
yltetraselenafulvalene), a vast number of molecular con-
ductors were examined to search for new superconduct-
ing systems.” Up to now more than 70 molecular super-
conductors have been developed. Among them M(dmit),
(M =Ni, Pd; dmit =4,5-dimercapto-1,3-dithiole-2-thione) su-
perconductors occupy a unique position because all the other
molecular superconductors hitherto developed are the sys-
tems composed of organic 7 donor molecules having TTF-
like scheletons.

The first molecular superconductor based on transition
metal complex molecules is [TTF][Ni(dmit),], discovered
by Cassoux et al. in 1986.” This system contains the seg-
regated columns of sz donor (D: TTF) and 7 acceptor (A:
Ni(dmit),;) molecules. Another type of superconductor com-
posed of D and A molecules, [EDT-TTF][Ni(dmit),] (EDT-
TTF = ethyleneditiotetrathiafulvalene) was reported in 1993
is the first ambient-pressure Ni(dmit), superconductor.” Be-
sides these DA and DA, types of superconductors, there

are M(dmit), superconductors with closed shell cations, [R]-
M(dmit) ]» [R = (CH3)4N", (CH3)2(C>Hs):N*; M=Ni, Pd],
where only M(dmit), molecules are responsible for the elec-
tron conduction. Therefore these systems can be regarded as
the “pure 7 acceptor superconductors”.*—® Very recently a
similar superconducting system with phosphonium cations,
ﬁ ,-[(CH3 )2 (C2 H5 )2P] [Pd(dmlt)2]2 was discovered.”

When the superconducting transition was found in the
molecular system, considerable interest was concentrated in
the point whether the nature of the constituent molecules
is reflected in the superconducting mechanism or not. It is
well known that the bond lengths of the charged molecule
are slightly different from those of a neutral molecule. This
means that the a;, modes of the molecular vibration can be
coupled with the intermolecular electron transfer. Therefore,
it might be quite natural to imagine the mechanism of the
electron pair formation mediated by molecular vibrations.®
In this picture, the stretching vibration of the central C=C
double bond of TTF skeleton will be important for the
electron pair formation in the organic superconductor com-



998  Bull. Chem. Soc. Jpn., 71, No. 5 (1998)

posed of TTF-like donors because of a relatively large dif-
ference in the bond length of the central C=C bonds be-
tween neutral BEDT-TTF [BEDT-TTF=bis(ethylenedithio)-
tetrathiafulvalene] and BEDT-TTF cation.” On the other
hand, the mode of the molecular vibration responsible for
electron pair formation must be different in M(dmit), su-
perconductors because the central C=C bond is exchanged
to M atom. In this sense, the comparison between organic
superconductors and the M(dmit), superconductors will be
interesting. However up to now, no clear evidence has been
obtained for the electron pair formation mediated by molec-
ular vibration.

Contrary to the phonon mechanism, the importance of
the spin excitation has been suggested in the typical or-
ganic superconductors such as Bechgaard salts TMTSF,X-
(TMTSF=tetramethyltetraselenafulvalene; X =PFg, ClOy,
---) and x-type BEDT-TTF superconductors because the
antiferromagnetic (AF) insulating phases (or spin density
wave (SDW) phase) borders on the superconducting phases
in these complexes.’®~'® Ten years ago, Fukuyama and
Hasegawa have suggested that TMTSF,PFs was a novel su-
perconductor, where antiferromagnetic fluctuation plays an
essential role.' Needless to say, SDW of TMTSF,PFg state
originates from the one-dimensionality of the metallic state.
Despite of the large difference in the dimensionality of the
electronic structures, the »%-type BEDT-TTF superconductor
‘with two dimensional electronic structure also has an insu-
lating phase with antiferromagnetic spin fluctuation, which
neighbors on the superconducting phase.'*! It has been be-
lieved that the electron correlation is essential to realize the
antiferromagnetic insulating phase in x-type BEDT-TTF
system. Recently another characteristic organic conductor,
A-type BETS (=bis(ethylendithio)tetraselenafulvalene) sys-
tems, A-BETS,GaBr,Cls_, (x < 1.8) has been discovered.
The superconducting phase seems to locate near the non-
magnetic insulating phase.'® According to the theoretical
analysis by Seo and Fukuyama, however, the insulating state
of A-BETS,GaBr,Cly_, (x~1.0) with the spin gap state is
easily changed to the antiferromagnetic state.!” Thus, there
seems to be a common feature in the phase diagrams of the
organic superconductors. That is, the antiferromagnetic (or
SDW) insulating phase is located near the superconducting
phase.

Contrary to this, it has been reported that the charge density
wave (CDW) state coexists or is in weak competition with
superconducting phase in the first molecular superconduc-
tor based on transition metal complex molecules, (TTF)[Ni-
(dmit),]5.'3! The competition between superconductivity
and CDW has been also pointed out in TTF[Pd(dmit),],.'®
Thus, a CDW phase seems to play an essential role in the
DA, type M(dmit), superconductors. It may be interest-
ing to examine whether this characteristic feature of the
DA; type M(dmit), superconductors can be found also in
other M(dmit), superconductors. In this paper, the phase
diagram of the pure M(dmit), superconductor f-[(CH3)4N]-
[Pd(dmit), 1, is reported.
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Experimental

The black plate crystals of [(CH3)4N][Pd(dmit),], were pre-
pared electrochemically. The typical preparation condition was
as follows: [(CH3)sN]2[Pd(dmit),] was synthesized following the
reported procedure.?*?" 10 mg of [(CH3)aN][Pd(dmit),] and 100
mg of [(CH3)4N]ClO,4 were dissolved in 15 ml acetone/acetonitrile
(1:1) solution. Platinum wires with 1 mm diameter were used as
electrodes and a constant current of 1.8 WA was applied at 20 °C for
about two weeks. The resistivities were measured by the conven-
tional four probe method. Since the crystals were very thin plates,
the resistivities were measured along the direction parallel to the
plate. Four gold wires of 15 p¢ were bonded by gold conduct-
ing paint. The high-pressure measurements were made by using
a clamp-type pressure cell, where silicone oil (Idemitsu Daphne
7373) was used as pressure medium. The static magnetic suscepti-
bility was measured by using a SQUID magnetometer down to 2 K.
The low-temperature X-ray diffraction experiments were made on
the Weissenberg-type low-temperature X-ray imaging plate system
equipped with a helium refrigerator down to 14 K.

Results and Discussion

1. Crystal and Band Electronic Structures.  As re-
ported before,>*" [(CH;3)4N][Pd(dmit), ], is polymorphic (a-
and f-forms). a-[(CH3)4N][Pd(dmit),], is a semiconductor
at ambient pressure and no indication of the superconducting
transition has been observed at least up to 12 kbar.?? The
[-form is isomorphous to [(CH3)4N][Ni(dmit);],. Since
[(CH3)4N][Ni(dmit),], is the first pure sz acceptor conductor
where superconducting behavior has been observed at high
pressure,” the examination of the high-pressure properties
of 5-[(CH3)4N][Pd(dmit),], is of special interest. The crys-
tal data of 5-[(CH;3)4N][Pd(dmit),], are: Monoclinic, C2/c,
a=14.523(3), b=6.320(1), ¢ =35.134(6) A, §=90.94(2)°,
V=32242 A3, Z=4. As shown in Fig. la, the unit
cell contains four tetramethylammonium cations located on
twofold axes and eight Pd(dmit), molecules. The Pd(dmit),
molecules are arranged to form diadic columns along [110]
(or [110]). There are Pd(dmit), conducting sheets parallel to
(001), which are separated by the ammonium cations located
between them. The long axes of all the Pd(dmit), molecules
are parallel to each other. But those in a-[(CH3)4N][Pd-
(dmit), ], take two directions alternately along a (the longest
axis of the unit cell) (see Fig. 1b). In this connection, it should
be pointed out that there exists a modified S-type structure
(B’-type structure) in the crystals of [(CH3)4M][Pd(dmit) ],
(M =P, As, Sb).2' The main differences between £ and
[’ structures are in their lattice constants £ (°) and in the ori-
entation and position of tetrahedral anions: e.g., the lattice
constants of S’-[(CH3)4As][Pd(dmit),], are,?” a=14.340,
b=6.344, c=36.528 A, B =97.85°, space group, C2/c (the
angle f is somewhat larger than that of the f-modifica-
tion). The lattice constants were determined down to 14 K
(see Fig. 2). The thermal expansion coefficients (7" > 100
K) are smallest along the ¢ direction: Aa/aAT=4.3x1073,
Ab/bAT=2.1x1073, Ac/cAT=1.1x107> deg~!. Except
for the structural degree of freedom such as internal rotation,
the molecules are usually considered to be rigid. Therefore
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Fig. 1. (a) Crystal structure of S-[(CH3)sN] [Pd(dmit)z]z; (b)
Crystal structure of a-[(CH3)4N][Pd(dmit),].
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Fig. 2. Temperature dependence of the lattice constants, a,
b,c A, and B (°) of B-[(CH3)4N][Pd(dmit);],.

the magnitude of thermal expansion will be determined by
the thermal change of the intermolecular distances. There
are four, one and four intermolecular contacts in the period-
ical unit along the @, b, and ¢ directions, respectively. The
average thermal expansions per one intermolecular contact
between room temperature and 100 K are: Aa/4=0.030,
Ab/4=0.025, Ac/4=0.018 A. It was a rather unexpected re-
sult that the intermolecular contacts perpendicular to the con-
duction plane are more rigid than the intermolecular contacts
along the conduction plane. The temperature dependencies
of the lattice constants b and ¢ become large below 100 K, but
that of @ was almost unchanged. The crystal structure was
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refined at 14 K. Since the crystal used for the X-ray intensity
data collection was very old, the crystal seemed to be deteri-
orated somewhat and the reliability factor of the refinement
was not satisfactory (R=17%). As reported before,? the
Pd(dmit), molecules form a dimer. The intra (A---A’) and
inter (A---A”) dimer distances (r) are: 3.28 A (A---A’) and
3.82(A---A")atR.T.; 3.26 (A---A’) and 3.80 (A---A") at 14
K (see Fig. 1a). The ratio of these two interplanar distances
(r(A---AN/r(A---A’)) are almost temperature-independent,
which seems to be consistent with the smooth temperature
change of the lattice constant a (see Fig. 2). Since Pd-
(dmit), molecules form dimeric columns along [110] (or
[110]), there seems to be a possibility of the fourfold lattice
distortion in the low temperature insulating state. In order
to examine the possibility of the structural phase transition
at low temperature, we took X-ray photographs down to 14
K. No significant extra reflection or diffuse scattering was
observed. Therefore the possibility of CDW-like transition
(or spin-Peierls transition) was ruled out at least down to 14
K.

Very recently we have made the single crystal high-pres-
sure X-ray structure determination of the analogous Pd-
(dmit), high-pressure superconductor, a-[(CH3),(C,Hs),N]-
[Pd(dmit),], (T, =4 K at 2.5 kbar) by using a Be-cylin-
der cell.?® The linear compressibilities of the crystal are:
Aaja=23x10"3 kbar~!, Ab/b=1.4x1073 kbar~!, and
Ac/c=1.6x1072 kbar~!, where a (=6.291 A (1 bar)), b
(=7.901 A (1 bar)), and ¢ (=18.510 A (1 bar)) are approx-
imately parallel to the direction corresponding to the side-
by-side arrangement of Pd(dmit), molecules, the molecu-
lar stacking direction and the long axis of the molecule,
respectively.” It was surprising that the crystal is most
compressive along the a direction, along which Pd(dmit),
molecules are arranged with the short intermolecular S---S
contacts and least compressive along the molecular stack-
ing directions. Probably a similar change will be realized
in the high-pressure state of -[(CH3)4N][Pd(dmit);],. Ac-
cording to the well-known Griineizen equation, the ther-
mal expansion coefficient is roughly proportional to the
compressibility. The small thermal expansion coefficients
along [001] and the large expansion perpendicular to it in
[3-[(CH;3)4N][Pd(dmit);]» seems to be consistent with the
anisotropy of the compressibility of a-[(CH3),(C,Hs),N]-
[Pd(dmit),],, except for the relatively large compressibility
along [001] (1.6x1073 kbar™!), which will be related to
the flexibility of ethyl groups and the positional disorder of
(CH3)2(CyHs5),N cations located on the inversion centers.

The extended Hiickel tight-binding band structure was cal-
culated based on the room temperature structure. It is well-
known that, in the Pd(dmit), salts with the dimeric structure,
the “HOMO-LUMO energy level inversion” is realized.”®
That is, the energy level corresponding to the state of the
bonding combination of the lowest unoccupied molecular
orbitals (LUMO’s) of the Pd(dmit), dimer becomes lower
than that of the antibonding combination of the highest oc-
cupied molecular orbitals (HOMO’s). The intermolecular
overlap integrals of LUMO- - -LUMO, HOMO: - -HOMO, and
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LUMO---HOMO are listed in Fig. 3. Owing to the dimeric
stacks, the intradimer interaction (A(L-L) and A(H-H) (see
Fig. 3)) is much larger than the others. This interaction gave
the energy separation between the states of the bonding and
antibonding combinations of the HOMO’s or LUMO’s. The
energy dispersion of the extended Hiickel tight-binding band
is given in Fig. 4. There are four energy branches. They orig-
inate from the orbitals of bonding combination of HOMO’s,
bonding combination of LUMO?’s, anti-bonding combina-
tion of HOMO’s and antibonding combination of LUMO’s
of two Pd(dmit), molecules forming the dimer (from bottom
to top (see Fig. 4)). The dimensionality of the energy bands
is determined by the anisotropy of the interactions (B, p, q,
I).

In the case of Ni(dmit), conductors, the “HOMO-LUMO
inversion” does not occur and the dimensionality of the con-
duction band reflects the nature of the LUMO orbital. Since
the intermolecular transverse interaction is strongly dimin-
ished owing to the nodal plane of LUMO on the central
transition metal atom (Ni),2” the band structure becomes
one-dimensional (1D). Similar to Ni(dmit), complexes, the
transverse LUMO- - -LUMO interaction in the Pd system (p,
g, 1) is weak (see Fig. 3). But in S-[(CH;)4N][Pd(dmit), ],
the Fermi level is on the energy branch of the anti-bonding
HOMO band due to the “HOMO-LUMO inversion”. The
two-dimensional (2D) closed Fermi surface was obtained
because of 2D HOMO- --HOMO interactions (B, 1, g, p)-

$(x1073)
L-L HoH L-H
A -40.7  37.6 8.8
B 2.9 701 2.8
b -1.3 1.9 1.4
qg -0.8 -2.6 —_
v -0.7 5.9 2.3

Fig. 3. Intermolecular overlap integrals (S) of LUMO (L)

"~ and HOMO (H) of Pd(dmit), molecules in 5-[(CH3)4N]-
[Pd(dmit);],.
The crystal lattice has C-centered symmetry but the primi-
tive lattice was adopted in the calculation of the band struc-
ture. The relation of the lattice vectors of the primitive cell
in the conduction plane (g, bp) and the C2/c lattice (a, b)
are: ap=(a+b)/2, by=b.
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Fig. 4. Tight-binding band and the two-dimensional Fermi
surface of -[(CH3)4N][Pd(dmit),],.
The energy separation between the top and bottom of these
four energy branches is about 1.2 eV.

Thus, the simple tight-binding band calculation indicates
that the system should be a 2D metal. But as seen below,
the resistivity is almost temperature independent down to
200 K at ambient pressure. The system is neither metal-
lic nor semiconducting. This resistivity behavior resem-
bles that of x-type ET superconductor, %-ET,[Cu(N(CN),]-
CI1(ET = bis(ethylenedithio)tetrathiafulvalene),!” and A -type
BETS conductors,'® where the strong correlation of the con-
duction electrons is believed to be responsible for the non-
metallic behavior in spite of the calculated 2D Fermi sur-
faces.

2. Resistivity Behavior. At ambient pressure, the
resistivity of £-[(CH3)4N][Pd(dmit),], was almost constant
down to 200 K and then increased gradually (Fig. 5). The
room temperature resistivity was about 3x1072Q cm. The
pressure dependence of the room-temperature resistivity is
shown in Fig. 6. The resistivity (p) decreased with increas-
ing pressure. The ratio of p(10 kbar)/p(1 bar) was about 1/5.
As shown in Fig. 5, the system exhibited a metallic behavior
above 3 kbar. The metal-insulator (MI) transition became
clear above 4 kbar and the transition temperature (Tyy) de-
creased very rapidly with increasing pressure. Around 5—
6 kbar, a sharp resistivity maximum indicating a MI transi-
tion and a subsequent resistivity drop indicating the onset of
superconducting transition were observed. Above 6.5 kbar,
only the superconducting transition was observed. In addi-
tion, a characteristic resistivity hump was observed around
60 K. Figure 7 showed the resistivity behavior of the other
sample at 6.0 kbar, where the resistivity anomaly around 60
K was also observed.

Figure 8 shows the resistivity behavior of another crystal.
The superconducting transition temperature became zero at
about 9 kbar, above which the system showed a normal metal-
lic behavior. It is interesting that the “60 K anomaly” was
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Fig. 5. Resistivities of £-[(CH3)4N][Pd(dmit),] (Sample 1).
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Fig. 6. Pressure dependence of the room-temperature resis-
tivities of ﬁ -[(CH3)4N][Pd(dmit);]5.

absent in this crystal. A plausible origin of the sample de-
pendence of this resistivity anomaly might be the anisotropy
of the resistivity in the ab plane, where the magnitude of
the anomaly is considered to be dependent on the direction
along which the resistivities were measured. However, we
have found afterwards a sample which showed a very large
“60 K anomaly” (Fig. 9). The onset temperature of the “60
K anomaly” (7,) was enhanced with increasing tempera-
ture. This behavior is reminiscent of the MI transition of ¢-
[(CH3)4N][Pd(dmit),],, whose Ty is enhanced at high pres-
sure. As shown in Fig. 9b, the pressure dependence of Ty of
a-[(CH3)4N][Pd(dmit), ], closely resembles that of T, of -
[(CH3)4N]1[Pd(dmit),],.2" This indicates the existence of the
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(Sample 5). The inset is the H-dependence of the resistivity
at 6.0 kbar and 2.6 K. The open circles indicate the resis-
tivities at =0 and the closed triangles are those at H=1
T. The arrows indicate the cooling and warming process.
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Fig. 8. Pressure dependence of the resistivity of the crystal

without “60 K anomaly” (Sample 7).

small domains of a-[(CH3)4N][Pd(dmit),], which got mixed
in with the crystal of §-[(CH3)4N][Pd(dmit),],. The resis-
tivity hump around 60 K will be ascribed to the MI transition
of the a-type domains. As seen from Fig. 1, the main differ-
ence between the a- and S-type structures is in the stacking
sequence of the Pd(dmit), layers. The alternate stacking of
the Pd(dmit), and ammonium layers suggests the possibility
that the stacking fault will be easily formed. Another modifi-
cation ’'-[(CH3)4N]1[Pd(dmit), ], has not been discovered so
far. Furthermore, in §’-[(CH3)4M][Pd(dmit),], (M =P, As,
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Fig. 9. (a) Resistivity behavior of the crystal exhibiting large

“60 K anomaly” (Sample 10). (b) The pressure depen-
dence of T, (the onset temperature of the “60 K anomaly”)
of ﬂ -[(CH3)4N] [Pd(dmit)z]z and Ty of a-[(CH3)4N][Pd—
(dmit),],. The closed circles and triangles (7,) were ob-
tained from the data shown in Figs. 5 and 9(a), respec-
tively and 7w (open square) was obtained from the reported
data.?V

Sb), the insulating transition was suppressed with increasing
pressure.?>?® Therefore, the volume fraction of the domains
with f'-structure will be very small even if it exists. It might
be possible that a similar domain structure will be realized
also in [(CH3)4N][Ni(dmit),],, which will afford a plausible
reason why the peculiar MI transition with hysteresis and the
strongly sample-dependent superconducting transition was
observed in this system.?®

3. Superconducting Transition.  As shown in Fig. 5,
the insulating transition was suppressed very rapidly around
4.5 kbar. But the MI transition temperature was decreased
relatively slowly between 5.3 kbar and 5.8 kbar. This sug-
gests that the nature of the insulating phase changes around
5 kbar. Between 5.3 and 6.3 kbar, the system showed a resis-
tivity increase at 30—15 K and a subsequent sharp resistivity
decrease around 6 K. When a magnetic field is applied, this
resistivity drop was suppressed. A typical example of the
magnetic field effect on this resistivity drop can be seen in
Fig. 7. At H=0 T, the MI transition occurred at about 20
K and the resistivity increased very rapidly with lowering
temperature and reached its maximum at 6 K, where the re-
sistivity was about 300 times of the resistivity at 20 K. Then
the resistivity dropped extremely sharply and became zero
around 4 K. The sample was cooled to 2.6 K and then the
magnetic field was applied parallel to the [001]. When the
magnetic field was increased to 0.4 T, the resistivity was re-
covered (see the inset of Fig. 7). In the warming process,
the resistivity was measured under the magnetic field of 1 T.
The resistivity took a larger value than that of the zero-field
resistivity below 7 K. Although the zero resistivity was not
realized, this means that the “pre-superconducting behavior”
began to develop at higher temperature (6—7 K). The exis-
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tence of the “pre-superconducting temperature region” may
be the most characteristic feature of this system. It should be
also noted that Tyy is independent of the magnetic field. As
seen from Figs. 5 and 7, the superconducting transition was
observed at 5—9 kbar. Above 9 kbar, the system showed a
metallic behavior. At9 kbar, the temperature (7)) dependence
of the resistivity (p) is: pocCT+pq for T>80K, pocC'T' +
for 25 K <T < 60 K, where C (C") and py (pf) are the con-
stants. Below 20 K, the resistivity approached to its residual
resistivity (p(4 K)/p(300 K)=1/50). It is remarkable that the
resistivity data of the highly conducting state became very
noisy at the pressure region where the superconducting tran-
sition was observed (6—9 kbar). This noisy resistivity is
probably related to the superconducting phenomena of this
system. Since the crystal of 5-[(CH3)4N][Pd(dmit),], seems
to contain some small domains of a-[(CH3)4N][Pd(dmit),],,
the inhomogeneity of the crystal is considered to disturb the
electric current. With lowering temperature, the -type do-
main tends to transform to the superconducting state but the
insulating a-type regions located between f-type domains
will terminate the conduction paths. Then the current will
tend to flow through the superconducting regions formed
by the connected superconducting domains and the effective
current density of these regions will be increased. If the cur-
rent density exceeds some critical value, the superconducting
routes will be destroyed and the normal resistivity value will
be recovered. This will give rise to the noisy resistivity
data. Another plausible reason will be more simple. That is,
the gold paint gave the insufficient contact between the gold
wires (leads) and the crystals, which might cause the noisy
resistivity behavior. In order to reduce the contact resistivity,
four lead terminals were produced on the crystal surface by
the gold deposition in the vacuum, on which the gold wires
were bonded by the gold paint. But no significant change
was obtained. Consequently, there seems to remain little
possibility that imperfect contact is the source of the noise.
At 6—7 kbar where the largest noise was observed, the noisy
behavior became conspicuous below ca. 30 K. If this behav-
ior is really related to the superconducting phenomena, some
kind of superconducting fluctuation must appear around 30
K. However, the temperature of 30 K seems to be too high
in comparison with the superconducting temperature of this
system (<6.5 K). In this connection it might be noteworthy
that the resistivity of the sample exhibiting a large “60 K
anomaly” (see Fig. 9a) gave not only very noisy resistivity
data but also a peculiar resistivity decrease around 20 K at
6.3 and 7.4 kbar.

The resistivity was measured with changing the magnitude
of the current (Fig. 10). The cross section of the crystal
perpendicular to the current was about 1 x0.025 mm? (sample
5). At 2.6 K, the superconducting state was maintained
up to 8x10~* A (ampere). On the other hand, the zero
resistivity state was broken above 5x 107> A at 4.2 K (current
density =2x107° Amm™~2). Considering that the thin needle
crystal of the organic superconductor such as A-type BETS
superconductor'® with very small cross section area (e.g.
0.004 mm?) can retain the superconducting state at least
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Fig. 10. The current dependence of the superconducting tran-
sition of $-[(CH3)4N][Pd(dmit);], (Sample 5).

up to 1x10™* A (the current density=2.5x10"2 Amm™2),
the small critical current of 5% 107> A of [-[(CH3)4N][Pd-
(dmit),], at 4.2 K suggests that the superconductivity of £-
[(CH3)4N][Pd(dmit), ], is fragile for the large current density.
This will be consistent with the domain structure model of
B-1(CH3)4N][Pd(dmit) ]>.

Figure 11 shows the magnetic field effect on the resistivity
at4.2 K and 1 T. When the magnetic field was parallel to
the conduction plane, the resistivity gave a sharp minimum;
when the magnetic field was perpendicular to the conduction
plane, a round resistivity maximum was obtained. The resis-
tivities were dependent also on the magnitude of the current
(see also Fig. 10). The current and field dependencies of
the resistivity were measured up to about 6 T (H//(001)) at
6.3 kbar (Fig. 12). The resistivity increases with increasing
H and showed no indication of the saturation. But the re-
sistivity was easily saturated when the magnetic field was
perpendicular to (001) (Fig. 13). The H.,; was estimated
as the mid-point of the p vs. H curve at 7.8 kbar (Fig. 14).
The value of |dHc,, /dT|=0.60 T/K, which is more than
twice the corresponding value of the ambient pressure Ni-
(dmit), superconductor, [EDT-TTF][Ni(dmit),] (0.27 7/K)
where the in-plane coherent length &/,(0) is 310 A Since
dH¢,, /dT is proportional to 1/&;,(0)*T¢, the value of £;,(0)
gf B-[(CH3),N][Pd(dmit),], was roughly estimated as 10?

4. Magnetic Properties. The magnetic susceptibilities
of the polycrystalline samples of -[(CH;3)4N][Pd(dmit);]»
were measured by a SQUID magnetometer in the temperature
range of 2—300 K at ambient pressure. The susceptibility
corrected by subtracting the calculated diamagnetic contribu-
tion is given in Fig. 15. The room-temperature susceptibility
was about 4x 10~* emu mol~!, which is almost equal to the
spin susceptibility of the usual organic conductor. With de-
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Fig. 11. Angular dependence of the magnetic field effect on
the superconductivity of f-[(CH3)4N][Pd(dmit).], at 6.0
kbar (Sample 7).
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Fig. 12. Resistivity of -[(CH3)4N][Pd(dmit),]> at 6.3 kbar
under the magnetic field parallel to (001) (Sample 9).

creasing temperature, the susceptibility increased gradually
and exhibited a round maximum around 60 K and then de-
creased fairly sharply down to about 20 K. The susceptibility
was sample-dependent below 20 K, which will be ascribed to
the lattice defects. It seemed curious that the susceptibility
showed no distinct anomaly at 12 K, where a clear indication
of the anti-ferromagnetic transition was detected by 'H NMR
studies.*® However a small anomalous peak appeared at 3
K, where a sharp change of the temperature dependence of
NMR relaxation time was observed.*” There must be some
magnetic transition around 3 K. In the studies of \H NMR re-
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under the magnetic field perpendicular to (001) (Sample 9).
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Fig. 14. The field dependence of H, at 7.8 kbar for the

field perpendicular to (001) (Sample 9).

laxation rate, another prominent peak was observed around
120 K,*® which is ascribed to the reorientation motion of
methy! group of (CH3)4N. The change of the temperature
dependence of the lattice constants b and ¢ around 100 K
will be related to it (see Fig. 2). If we consider that the
NMR studies disclosed the antiferromagnetic (AF) phase (or
SDW) below 12 K, the decrease of the susceptibility below
60 K will be related to the development of the AF fluctua-
tion. A similar susceptibility decrease around 60 K was also
observed in »#-ET,Cu[N(CN),X] (X =Cl, Br), where the AF
fluctuation is believed to develop at the same temperature
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Fig. 15. Susceptibility of 5-[(CH3)sN1[Pd(dmit),1,.

The close and open circles show the two independent data
measured on the different samples. Arrows indicate the
susceptibility maxima at 3 K.
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5. Phase Diagram. As mentioned before, the gen-
eral phase diagram of Bechgaard type organic conductors
has been presented by Jerome, where the charge localiza-
tion state, spin-Peierls phase, SDW phase, metallic phase,
and superconducting region were located.'” However the
CDW state, which seems to play an important role in the’
DA, type M(dmit), (M =Ni, Pd; D=TTF) superconductors,
has no position in this phase diagram. Unlike DA, (or DA)
type M(dmit), superconductors, -[(CH3)4N][Pd(dmit),], is
the 1:2 complex composed of closed-shell cations and -
acceptor molecules, Pd (dmit),. Besides the signs of the
carrier and counter ion, the complex has the composition
similar to that of Bechgaard salt. Furthermore, owing to
the “HOMO-LUMO inversion”, the dimensionality of the
conduction band of $-[(CH3)4N][Pd(dmit);], can be deter-
mined by the anisotropy of intermolecular overlap integrals
of HOMO. Thus, it may be said from the view point of elec-
tronic structure that 5-[(CH;)4N][Pd(dmit),], belongs to the
same class of conductors as the organic superconductors.

Based on the electric and magnetic properties described
before, the phase diagram of §-[(CH3)sN][Pd(dmit),], was
determined. (1) At ambient pressure, the system is neither
metallic nor semiconducting down to ca. 200 K, below which
the resistivity increases gradually. It seems that the carriers
tend to be localized with lowering temperature. But it is dif-
ficult to determine the critical temperature below which the
system transforms to the semiconducting state. The 'H NMR
relaxation studies show that the AF (or SDW) phase transi-
tion takes place at 12 K. The amplitude of the magnetization
was estimated to be 0.22 ug per Pd(dmit), dimer.*® Although
this amplitude is larger than the amplitude of 0.08 yg/TMTSF
in Bechgaard salt,*>*» the possibility of a simple AF order of
localized moments was ruled out. And the 12 K transition
was reported to be antiferromagnetic SDW transition.*® The
susceptibility showed an additional anomaly around 3 K. (2)
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With increasing pressure, the transition from highly conduct-
ing state to insulating state becomes sharp. At the same time,
the transition temperature is decreased. (3) Around 4.5 kbar,
the metal-insulator transition becomes clear and the transition
temperature decreases very rapidly with increasing pressure.
The 'HNMR experiments show the SDW transition at 11
K, indicating that the SDW transition temperature is almost
pressure independent between 1 bar and 4.5 kbar. (4) Above
5.3 kbar, a characteristic resistivity anomaly was observed

around 60 K. But this anomaly is sample-dependent and not -

intrinsic. The metal-insulator transition appears below 30 K.
A sharp resistivity decrease is observed at low temperature.
The resistivity drop is suppressed by applying the magnetic
field, which indicates that the onset temperature of the su-
perconducting transition is somewhat higher than the offset
temperature of the resistivity drop. (5) Above 7 kbar, the
MI transition disappears and only the metal to superconduc-
tor transition is observed. The T, decreases with increasing
pressure and becomes zero around 9 kbar.

As shown schematically in the inset of Fig. 16, around
5.5 kbar the resistivity decreases very sharply with lowering
temperature between Tmax (the temperature where the resis-
tivity takes a sharp maximum) and 7. (the superconducting
temperature indicated by the complete resistivity drop). The
temperature region between T,y and 7. can be regarded as
the “pre-superconducting region,” which can be found be-
tween 5 and 6.5 kbar. The maximum 7, of about 6.5 K is
observed at the pressure where “pre-superconducting region”
disappears.

Since the SDW transition temperature was found at 4.5
kbar and the “pre-superconducting region” exists above 5
kbar, the antiferromagnetic (or SDW) insulating phase seems
to neighbor the superconducting phase. In this sense, the

100
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a 50
& 10
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Fig. 16. Phase diagram of S-[(CH3)sN][Pd(dmit);],.
The closed squares indicate the SDW transition temperature
determined by "HNMR studies and the opened square is the
temperature where the susceptibility shows a maximum.
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phase diagram of f-[(CH;3)4N][Pd(dmit),], seems to share
a common feature with organic superconductors. Since the
'H NMR studies showed that the rotational motion of methyl
group is frozen around 120 K,?" there seems to remain no
freedom of the internal molecular motion at low tempera-
ture. As mentioned before, no indication of the structural
phase transition was obtained by the low-temperature X-ray
diffraction studies at ambient pressure. Since the crystal lat-
tice will becomes more rigid with increasing pressure, the
CDW transition with periodical lattice distortion will hardly
be expected at high pressure.

In summary, 8 -[(CH;3)4N][Pd(dmit),], is isomorphous to
[(CH3)4N][Ni(dmit),},, which is the first pure 5t acceptor
conductor exhibiting the superconducting behavior at high
pressure. The resistivity measurements revealed that the
superconducting phase appears at 6—9 kbar. It may be
interesting that the resistivity becomes very noisy at the
pressure region where the system shows superconducting
transition. The characteristic “pre-superconducting” region
appears around 5.5 kbar. Similar to Bechgaard salt, the
superconducting phase is located near the SDW insulating
phase.

The authors would like to thank to Mr. H. Osako, Prof.
A. E. Underhill, and Dr. R. A. Clark for their kind supply of
the crystals and discussions. The low-temperature resistivity
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