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M(dmit)2 AND M(dmise)s(M=Ni,Pd) COMPOUNDS WITH ONE-, TWO- 
AND THREE-DIMENSIONAL METALLIC BANDS 

AKIKO KOBAYASHI* 
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AKANE S A T 0  AND TOSHIO NAITO 
Departmemt of Chemistry, Faculty of Science, Toho University 
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HAYAO KOBAYASHI 
Institute for Molecular Science, Okazaki 444, Japan 

Abstract The band energy scheme of [(CH3)2(C2H5)2N] [Pd(dmit)z]z at high 
pressure was discussed and it might be possible that the insulating phase above 
7 kbar is related to the 1D metal instability. The low-temperature crystal 
structures of 2D M(dmit)a(M=Ni,Pd) compounds, a-[(CI-B)2(CzH5)2N]- 
[Ni(dmit)2]2 and (CIHl6N)[Ni(dmit)2]2 were determined by imaging 
plate(1P) system equipped with a closed-cycle herium refrigirator. The X-ray 
satellite reflections of y-(EDT-TTF)[Pd(dmit)2]2 indicating CDW formation 
below 80 K were also observed by IP  system. [(CH3)3HN][Ni(dmise)2]2 has a 
nearly three-dimensional Fenni surface owing to a strong intersheet interaction 
between their selone groups. 

INTRODUCTION 

Among n-acceptor molecules M(drnitMM=Ni, Pd, Pt, ...)( dmit=l,3-dithiole-2- 
thione-4.5dithiolate) is only one that has produced molccular superconductors so far. 
Similar to BEDT-TTF(bis(ethylenedithio)tetrathiafulvalene), M(dmit)2 molecules are 
mcmbcrs of a family of multi-chalcogcn n molcculcs. 1 

In this paper the low-temperature crystal structures and electronic structures of 
some representative 1D and 2D M(dmit)2 conductors and the results about related 
dmise compounds with 3D Fermi surfaces will be represented. 
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86 A. KOBAYASHI er al. 

From the viewpoint of molecular design the main difference between organic 
conductors baqed on TTF-like d o n o r  molecules and the conductors based on 
M(dmit)2 molecules is originated from the difference of the symmetry of the frontier 
orbitals. Except a few exceptional cases, almost all the M(dmit)2 conductors have 
columnar structures. When M(dmit)2 molecules form a regular column, the frontier 
orbital is LUMqFIG. la). This is the case of the Ni(dmit)2 conductors. Then, the 
electronic structure tends to be 1D because of the nodal plane of LUMO on central 
metal atom which strongly diminishes the intermolecular transverse interactions. This is 
the reason why the simple band structure of the first superconductor TTF[Ni(dmit)2]2 
was considered to have one-dimensional nature.:! But as pointed out by Canadel, this 
band picture will be modified when the system is composed of M(dmit):! dimers and 
the energy separation (A) between LUMO and HOMO is comparable to the sum of the 
intradimer HOMO-HOMO and LUMO-.LUMO interactions.3 

Unlike Ni(dmit), salts, the Pd(dmit& (or Pt(dmit)2) salts have dimerized 
columns. The intradimer interaction is very strong compared with the interdimer 
interaction. In this case, the energy level of the dimer state obtained from the bonding 
combination of LUMOs of two M(dmit)2 molecules (E( LUMOs+)) is reduced greately. 
While the energy of the state of the anti-bonding combination of HOMOS (&(HOMOS-)) 
will be enhanced. Therefore in the strongly dimerized M(dmit)2 unit, the energy level 
&(LUMOs+) will become lower than &(HOMOs-)(FIG. la). But owing to the large 
intradimer interaction, the large mid-gap appears and the small interdimer interaction 
makes the effective band width narrow. Therefore the normal metal behavior cannot be 
expected even when the tight-binding band calculation gave large Fermi surfaces. 
Weak temperature dependences of the resistivities frequently observed in Pd(dmith 
conductors will be probably related to this band nature. However, at high pressure, the 
dimeric nature of the Pd(dmit)2 columns will be diminished and the structure will be 
thought to become more regular. The energy level inversion between &(LUMOs+) and 
&(HOMOS-) will be expected lo disappear (FIG. la). 

[ (CH3)2(C2H5)2N][Pd(dmit)2]2 seems to be a good example of above dicussion. 
Crystal data of [(CH3)2(C2H5)2N][Pd(dmit)2]2 is triclinic, space group P1, a=8.218(4), 
b=18.422( lo), c=6.277(3) A, ~%.76(5) ,  f3=115.70(3), y=W.09(5)', V=848.9(6) A3, 

E l . 4  The Pd(dmit)2 anions form a strongly dimenzed stacks along the [loll direction 
The resistivities along the direction parallel to (010) were measured by the four-probe 
method. The room-temperature conductivity was about 40 S cm-1. Above 2.3 kbar, 
superconducting transition was observed. It  is worth notice that I( CH3)2(C2H&N] 
[Pd(dmit)2]2 is an anomalous conductor, where an insulating state is stabilized at high 
pressure (>7 kbar)(FIG. lb). Usually metallic stale appears when superconducting 
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LUMO C- half-filled + 
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RGURE 1 (a) Schematic encrgy diagram of M(dmit)2 conductors. (b) Temperature 
and pressurc dcpcndcnccs of the resistivities of [(CH3)2(C2H5)2N][Pd(dmit)2]2. (c) A 
prcliminary phase diagram of [(CH3)2(C2H5)2N][Pd(dmi1)2]2. 
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88 A. KOBAYASHI et al. 

phase diappears at high pressure, because metallic state tends to be stabilized by 
applying pressure. This may be true if the band nature is not changed at high pressure. 
I t  is considered that the dimeric nature of molecular stacks is reduced with increasing 
pressure, therefore it may be possible that energy level inversion between E( LUMOs+) 
and &(HOMOS-) disappears at high pressure. If it is a case, the conduction band has the 
HOMO character at low pressure and the LUMO character at high pressure. 
Therefore, the dimensionality of the band structure will tend to be diminished from 2D 
to 1D. Therefore if the inversion of energy levels mentioned before occurs, then the 
system will exhibit 1D metal instability because [(CH3)2(C2H~)2N][Pd(dmit)2]2 has a 
simple crystal structure, where all the M(dmit)2 stacks are parallel to each other. A 
preliminary phase diagram determined from the resistivity measurements is shown in 
Figure Ic. [(CH3)2(C2H5)2N][Pd(dmit)2]2 may be a unique superconductor. 

CRYSTAL AND EJ,ECTR ONIC STRUCTURES OF 2D M( dmit)2 CONDU CTORS 
WITH STACKING(COI-UMNAR) STRUCTURES: v 4 F D T - ' I T F ) I P d ( ~  

e(EDT -'ITn IPd(dnut)21 
(EDT-'ITF)[Ni(dmit)2] salt has three crystal modifications a, p- and y- form, 

while two modifications a'- and rform have been found in (EDT;'ITF)[Pd(dmit)2].5~7 
y-(EDT-TTF)[Pd(dmit)2] exhibits a resistivity anomaly below 80 K similar to a-(EDT- 
'ITF)[Ni(dmit)z] and a'-(EDT-'ITF)[Pd(dmit)2] . Brossard et al. reported that 
temperature dependence of thc resistivity of uf-(EDT-TTF)[Pd(drnit)2] is metallic and 
exhibits a resistivity peak at ca. 40 K similar to the anomaly of 14K of a-(EDT- 
TTF)[Ni(dmitb1.5s7 The resistivity anomaly of a'-(EDT-TTF)IPd(dmit)2] was 
suppressed by 5 kbar, but no sign of.superconducting transition was found down to 400 
mK at 10 kbar7 cr'-(EDT-TTF)[Pd(dmith] has crossing columns. The EDT-'ITF 
molecules stack along the [lo01 direction and Pd(dmit)2 molecules stack along the 
[loll direction. 

In y-(EDT-lTF)[Pd(drnit)?], EDT-TTF and Pd(dmit)2 molecules form 
segregated "parallel columns" along the [ 1001 axis. The crystal structure is shown in 
Figure 2a. The Pd(dmit)2 molecules form a dimeric column. The interplanar distance 
within a dimer is 3.174 A and interdimer distance is 3.813 A. In y-(EDT- 
TTF)[Pd(dmit)2] two Pd(dmit)2 anions adopt an eclipsed configuration within a dimer 
(A) and are displaced sideways with respect to each other between dimers(B). EDT- 
TTF molecules form a weak dimer along the [lo01 axis, the intmhmer &stance is 3.552 
A(A) and the interdimer distance is 3.786 A(B). 
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M(dmit), AND M(dmise), COMPOUNDS 89 

Thc anisotropy of the electrical resistivities of y-(EDT-TTF) [Pd(dmit)2] undcr 
the high pressure were measured within the temperature range of 300 K to 2K(FIG. 2b). 
The resistivity measured perpendicular to the [ 1011 direction showed that it decreased 
down to 100 K and increased bclow 80 K, having round maximum around 50 K. The 
resistivity measurement along the [ 1011 direction showed the metal-scmimetal 
transition around 50 K. This resistivity anomaly which was observed perpendicular to 
the [loll direction decreased when the pressure increased. Above 10 kbar the 
resistivity anomaly was suppressed and the metallic region appeared. No sign of 
superconductivity was found down to 1.5 K and up to 12 kbar. 

In order to examine the origin of the mctal instabilities of y-(EDT- 
TTF)[Pd(dmit)2] below 80 K, the X-ray diffuse scattering experiments were made. The 
crystal stnrclure studies at 13 K were pcrformcd by Wcisscnberg lypc low-temperature 
IP(imaging plate) system equipped with closed cycle helium refrigerator. The 
oscillation photographs were taken around the b-axis. At 300 K no satellite reflections 
were observed. The resistivity anomaly appeared around 80 K and a little above l00K 
very faint extra diffuse reflections were observed. At  80 K clear satellite reflections 
were observable. The satellite reflections grew along the direction of the [loll axis. 
Figure 2c shows P, Q satellite reflections on the direction of the [loll axis at 30 K. 
Thus in y- (EDT-lTF)[Pd(dmit)2] the resistivity increase around 80K is due to the 
development of CDW with the wave vector of q=0.4l(a*+c*). The intensities of the 
satellite reflections began to increase at 80 K, where the resistivity anomaly began to 
increase. Figure 2d shows the increasing of the intensity of P, Q satellite reflections. 
This resistivity anomaly should be associated with a CDW instability of the EDT-TTF 
or Pd(dmit)2 chain. However, in one-dimensional conductors satellitc reflections 
usually appear at a temperature fairly higher than the transition temperature. In this 
system no diffuse streaks or diffuse spots were observed from high temperature, that 
indicates this system is not one-dimensional but rather two-dimensional. The crystal 
stnicture determination of y-(EDT-TTF) [Pd(dmit)21 by IP system were pcrformed at 
18K. 

W . E C T R  ONIC STRUCTURES OF 2D M(dmitb CONDUCTORS 
WITH "SPANNING OVFRTAP PING MODE OF MOLECULAR 
ARRANGEMENT ": a-llCH3-)2N1 I Ni(dmitM2 AND (C7H16NNNi(dmithl2 

a-I~CWMC2H5)2NI INildmit)u 
Black plate crystals of [(CH3)2(C2Hg)2N][Ni(dmit)2]2 were prepared by 

electrochemically.6~8 X-Ray examination showed the existence of three 
modifications(cr , and y). The resistivity measurements revealed that u and y type 
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90 A. KOBAYASHI el nl. 

10 100 10 100 

(b) 

T/K TK 

i ) U # & . A  
0 20 40 60 80 100 

30 K 
(c) (4 

FIGURE 2 (a) Crystal structure of y-(EDT-TTF)[Pd(dmit)z]2. Both EDT-TTF and 
Pd(dmit)2 molecules stack along the [lo01 axis, forming parallel columns. (b) The 
anisotropy of the resistivity o f  y-(EDT-TTF)[Pd(dmit)2]2 under the high pressurc. 
Current is perpendicular to [loll (right); current is parallel to [lOl](left). (c) 
Oscillation photogrdphs of y-(EDT-?TF)[Pd(dmit)2]2 along the [ 1011 &\is. (d) 
Increasing of the intensities of satellite reflections 01 P and Q at 30 K. 
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M(dmit), AND M(dmise), COMPOUNDS 91 

crystals to be metallic and p type onc semiconducting. Crystals with smooth resistivity 
decrease werc revealed to bc y-type oncs. Thc othcrs u.ith the 240 K anomaly wcrc ( x -  

type crystals (FIG. 34.7 The resistivity jump around 240 K was due to the cricks of 
the crystal produced by thc drastic structural phasc transition. 

Thc crystal structure dctcrmination at 1 1  K was performed by the IP systcm. An 
estrcmcly large discontinuous lattice contraction was obsened at 240 K along the (1 

rtvis (Au= -1.24 A). The lattice constants c and p also exhibited discontinuous change 
(bc= +O. 11 A, Afk5.5"). In contrast, a continuous change was observed along thc b 
direction, along which Ni(dmit):! molcculcs are m g c d  closcly side-by-side.? The X- 
ray diffraction patterns clcarly showed the change of the extinction rule, indicating the 
transformation from the basc-centered lattice(C) to thc primitivc lattice(P). 

The space group of C2/c of high-temperature phase is changed to El/c. Thc 
crystal data are : monoclinic, E / c .  u=38.95(2) A, 636.494(2), c=13.835(9), 
/3=99.63(5)', V=3454(1) A3, Z=4 at room temperature and moncxlinic, 
u=37.41)9(12) A,  b=6.444(2), c=13.718(5), /3=92.69(2)", V=331 I.?(?) A3,Z=4 at 1 1  K. 
The crysd structure is not a simple ID column structure(FlG. 3b). Along the b-axis, 
[Ni(dmit)21 anions are arranged in a side-by-side fashion with short S.-S distances. In 
the c direction, Ni(dmit)z anions show two types of overlap, one of which is "spanning 
ovcrlap"~~6(FlG. 3c). Spanning overlap is a stacking motif' that one molecule overlaps 
with two molecules. As was expcctcd, (CH3)2(C2H5)2N cation on the general 
position, which was on the twofold axis and disodered at room ternpcrature, becomes 
ordered at 11 K. In the room-temperature structure, there exists a short interlayer S- .S  
contact (3.352 A) between terminal thionyl S atoms of Ni(dmit)2 molecules. This S - S  
contact was expected to becomc shorter at low temperature. However unexpectedly. in 
spite of the extremely large shortening of the u axis, it becomes longer (3.463A). 
Therefore the interlayer interaction becomes very small and the "the-dimensionality" 
is negligible at low temperature. 

According to the simple extended Huckel tight-binding approximation, the band 

structure calculated on the basis of the room-ternpcrature structure with C2/c space 
group gave two-dimensional Fermi surface similar to that of the superconductors with 
K-type molecular anangement with close crosssectional area of 100% of B2?- 

However, the Fermi surface obtained from the angular dependent 
magnetoresistance oscillation and Shubnikov-dc Haas (SdH) effect did not coinside 
with the results of this band calculation. 

The extended Huckel tight-binding band of U-[(CH~)~(C~HS)~N] [Ni(dmit)2]2 
based on the 11 K structure and x-ray evidence of the twofold superlattice at low 
temperaturc gave complex 2D Fermi surfaces(FIG3d), which agree well with those 
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92 A. KOBAYASHI et al. 

I I I 

0 100 200 300 
T (K) 

(c)  ( 4  

FIGURE 3 (a) Temperature dependence of the resistivities of a-[(CHW(C2H5)2N] 
[Ni(drnit)2]2. (b) The 11-K structure of u-[(CI-€3)2(C2H5)2N] [Ni(dmit)2]2. (c) The 
spanning overlap mode. (d) Fermi surface calculated by the 11-K structure. 
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M(dmit), AND M(drnise), COMPOUNDS 93 

c\pc\tcd 1 rom magnctorcsistancc experiments. This shows that the siniplc cxtcnded 
Huckel band calculation, which has bcen successfully applied to organic metals, is also 
valid for the evaluation of the Fermi surfaces of the molecular metals based on 
transition-metal-complex molecules. 

iC7H 16N)INi(dmit)2lZ 
(C7H 16N) [Ni( dmi t)2]2 is isomorphous to tx-[ (CH3)2( C2HS)2N] [Ni( dmit)2]2 and 

is metallic down to 0.5 K.11 u-[(CH3)2(C2H5)2N][Ni(dmit)212 has a resistivity jump 
around 240 K, however resistivity curve of (C7H16N)[Ni(dmit)2]2 has a bend around 
225 K. According to the simple extended Huckel tight-binding approximation, the 
band structure calcuculated on the basis of the room temperature structure gave two- 
dimensional Fermi surface similar to that of the first K-type superconductor, K-(BEDT- 
TTF)213.12 Similar to a-[ (CH3)2(C2HS)2N] [Ni(dmi t)2]2, (C7H16N)[Ni(dmit)2]2 has a 
structure "spanning overlap" at room temperature. The low temperature crystal 
structure was examined from 300K to 20K by the Weissenberg type low-temperature 
IP system. Below 225 K, the satellite reflections indicating fivefold superstructure 
along the b axis were observed. The space group of C2/c of the high-temperature phase 
is changed to Cc at 20 K. The crystal data are:a=39.014(15), b=6.483(2), c=13.806(5) 
A,&96.62( I ) ,  V=3468.8 A37 Z=4 at room temperature. a=39.01( l ) ,  b=32.20(1), 
c=13.545(4) A, 8=%.36(2)", V=16910A31 Z=20 at 20 K. The crystal structure at 20 K 
are shown in Figire 4. The C7H16N+ cations are on the two fold axis and thus at room 
temperature they are heavily disordered. The crystal structure has transformed to 
fivefold structure along the b axis at 20 K. Although there still remain positional 
disorder at 20 K, the C7H16N+ cation sites were satisfactorily determined. The 
arrangement of C7H16N+ cations are shown in Figure 4b. Roughly speaking, the 
cations take two kinds of orientations (u and fl). Along the b axis the orientations of 
cations were determined approximately a, a, 8, fl and afl(disorder). In order to cancel 
the polarity of the cations and maintain the c-glide symmetry, a stacking disorder 
along the b axis is expected. The diffuse sheet which indicates thc stacking disorder 
along the b axis was observed in the oscillation photographs at 20 K. 

Crvstal structure and electronic structure of 3D metallic M(dmiseU compounds: 
J(CH3UHN1 INi(dmisel212 and (EDT-TTF"i(dmise&J 

Besides dmit ligand, dmise(dmise=4,5-dimcrcaplo- 1,3-dithiole-Zselone) 
including both sulfur and selenium atoms, is a potentially useful ligand which extends 
an intermolecular interaction towards the third dircction through its outstretched part of 
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94 A. KOBAYASHI et nl. 

C, 

FIGURE 4 (a) The crystal structure of (C7H16N)[Ni(dmit)2]2. (b) The arrangement of 
cations in ( O H  16N) [Ni(dmit)2]2. 
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M(dmit), AND M(dmise), COMPOUNDS 95 

its n-conjugation system, i.e. the selone. Cornelissen et al. reported two (CH3)4N+ 
salts [(CH3)3HN][Ni(dmise)2]2 exhibits weakly metallic behavior around room 
temperature with a conductivity of 100 S cm-1, the resistivity gradually incrcases at low 
temperatures, the activation energy is 0.005 eV.14 The insulating phase is not 
completely suppressed even at 6 kbar. (EDT-'lTF)[Ni(dmise)2] also exhibited metallic 
conductivity around mom temperaturc and made a smooth transition into an insulator 
at low temperature. 

The crystal data of [(CH3)3HN][Ni(dmise)2]2 are: triclinic , PI, a=7.606(3). 
b=17.761(3), c=6.660(2) A, a=100.27(2)@=114.93(2).y=81.%4(2)", V=fKKl.4(4)A37 
El. The Ni(dmise)2 molecules stack along the a-axis almost regularly, interplanar 
distances are 3.464 and 3.557 A. The most striking feature is that there are also found 
short contacts of Sea-Se(3.486 and 3.801) through the cation sheet, which is also 
observed in a-[(CH3)4N][Ni(dmise)2]2 (3.277A).12 The tight binding band 
calculation by extended Huckel methods indicated that [(CH3)3HN] [Ni(dmise)2]2 has 
even stronger intermolecular interactions along the long molecular axis than the 
transverse direction owing to a close selenium-selenium contact. This feature leads to a 
3D electronic structure(FIG. 5)  indicating this complex to be a precursor of 3D 
molecular metal based on planar n-conjugated molecules. [(CH3)2H2N] [Ni(dmise)2P 
with similar 3D Fermi surface could be also obtained. The M(dmise)2 salt has 
demonstrated that intermolecular interaction was expanded towards the third direction 
by the substitution of the sclone group for the thione group. 

The X ray-structural anlysis of (EDT-'lTF)[Ni(dmise)2] has not yet been 
completely satisfactory because a crystal of high enough quality has not been 
available. Crystal data: triclinic, PI, a=23.43, k6.47, d . 2 3  A, or=86.8, fl=90.2, 
y=95. lo,V=637.2 A3, Z= 1. The donor EDT-TTF and acceptor Ni(dmise)2 molecules 
make segrcgated columns, running in parallel with each other along the [OOI] direction. 

By a similar synthetic method we obtained single crystals (thin plates or 
needles) of (CI-D)x(C2H5)4-xN(x=0-4) salts of Ni(dmise)2 and Cs[Pd(dmise)2]2. 
Cspd(dmise)2]2 is the only M(dmise)z compound which has metallic conductivity 
down to 4 K. 
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FIG. 5. Schematic view of  the Fcrmi surfacc of [(CH3).3HN)[Ni(dmisc)2]2. 
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