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Structural and physical properties of the Cu salts of a series of m-acceptors N,N’-dicyanobenzoquinonediimines
(DCNQIs) are described. The most notable feature of this system is that 3d electrons in Cu interact with px electrons in
DCNQI near the Fermi level. This unique feature has provided a lot of interesting solid state properties: the Mott transition
triggered by the Peierls transition, the pressure-induced metal-insulator transition, the metal-insulator-metal (reentrant)
transition, the three-dimensional Fermi surface, the anomalous isotope effects, the antiferromagnetic transition, the weak
ferromagnetism, and the electron mass enhancement. The aim of this account is to give an overview of this unique pm-d

system.

Molecular conductors, whose roots go back to the discov-
ery of organic semiconductors in 1954,! form one of the most
attractive categories of materials. Studies of the metallic be-
havior followed by the charge density wave (CDW) transition
observed in TTF-TCNQ? and the discovery of the first or-
ganic superconductor (TMTSF),PFg, (TMTSF = tetrameth-
yltetraselenafulvalene)® triggered new fields of solid state
science. Recent advances in the studies of the magnetic quan-
tum oscillations on molecular conductors have revealed that
molecular conductors have clear electronic structures which
can be well described by the simple tight-binding band calcu-
lation based on the extended Hiickel approximation.* In most
molecular metals, the conduction band originates from only
one frontier molecular orbital (HOMO for donor, LUMO for
acceptor). This is because the inter-molecular transfer energy
is smaller than the energy differences among molecular or-
bitals. The clear electronic structure has enabled systematic
understanding of a variety of exotic phenomena associated
with low dimensionality: for example, CDW, Spin Density
Wave (SDW), Spin Peierls transition, Field Induced Spin
Density Wave (FISDW), and Angle Dependent Magneto Re-
sistance Oscillations (AMRO). The simple tight-binding ap-
proximation, however, is not almighty, because the strong
electron-electron correlation effect frequently plays an im-
portant role in molecular conductors. Even in such a case,
a calculated Fermi surface is useful in understanding the
anisotropy of intermolecular interactions, and physical and
chemical modifications of the system can change the artifi-
cial Fermi surface into the real one. Molecular conductors

can accept diverse chemical modifications, which provides
the means of control of solid state properties.

In the majority of known molecular conductors, for
example, TMTSF and BEDT-TTF (bis(ethylenedithio)-
tetrathiafulvalene) salts, conducting properties are governed
by organic pm electrons. An introduction of metal d electrons
into the pr-electron system has been expected to provide a
variety of new phenomena. In 1986, the Cu salt of 2,5-di-
methyl-N,N'-dicyanoquinonediimine (DMe-DCNQI) was re-
ported to exhibit extremely high electrical conductivity down
to 1.3 K.° This was the first report on an anion radical salt
which remains metallic down to very low temperature with
no metal-insulator (M-I) transition. In the crystal of this salt,
one-dimensional (1D) DCNQI columns are interconnected to
each other through the Cu ions coordinated by the N atoms of
four N-cyano groups, that is, the DCNQI molecule exhibits
two faces: as “acceptor” and as “ligand”. After this report,
it was revealed that a series of 2,5-disubstituted N,N’-di-
cyanobenzoquinonediimines R;,R,-DCNQI (R, R, = CH3,
CH;0, Cl, Br, I; Scheme 1) form 2 : 1 salts with various
metal ions (Cu, Ag, Li, Na, K, NHy4, Rb, and T1).® In these
salts, except the Cu salts, the cations are considered simple
monovalent ions and thus the formal charge of the DCNQI
is —1/2, which means that conduction electrons originate
in the 1D quarter-filled (organic) pmt band. On the other
hand, the Cu salts have been revealed to be very unique pm-
d systems. A low-temperature X-ray diffraction study first
suggested that the Cu ions in the metallic phase are situated
in the mixed-valence state (Cu* : Cu?* ~2 : 1) and thus the
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3d electrons in Cu interact with the pm electrons in DCNQI
near the Fermi level.” This unique feature has provided a lot
of interesting physical properties. The (DMe-DCNQI),Cu
(DMe-salt) is the first molecular metal which possesses a
three-dimensional (3D) Fermi surface.® The metallic state
of the DMe-salt is easily suppressed by the application of
pressure.’ In the vicinity of the critical pressure, the metal-
insulator-metal (reentrant) transition can be observed.!® The
choice of R; and R; also affects the electronic state.!! The
M-I transition in (DCNQI),Cu is accompanied by the CDW
formation with three-fold periodicity and static charge or-
dering at the Cu sites (---Cu?*Cu*Cu*---). The discovery
of the deuteration-induced M-I transition in the DMe-salt'?
opened the way to the precise control of the electronic state
by the selective deuteration, which led to fruitful physical
investigations. The pressure and substituent effects can be
understood in terms of the amount of charge transfer from
Cu to DCNQI, which is sensitive to the coordination geom-
etry around the Cu ion. However, the existence of one or
more high-pressure metallic phase(s), typically observed in
(DI-DCNQI),Cu (DI-salt; R; = R, = I), indicates that there
should be other factors that affect the electronic state of the
DCNQI-Cu system.

The present account describes many solid-state properties
derived from the pn-d interaction.

1. Preparation

Synthesis of DCNQI derivatives has been performed sys-
tematically by the German group whose report started in
1984."* The most convenient method is the one-step con-
version from p-benzoquinones to N-cyanimines with bis(tri-
methylsilyl)carbodiimide. Amnother route starting from p-
phenylenediamines is useful for the selective '°N labeling of
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terminal cyanoimino (=N-CN) groups.

Site-selective isotope (D, 13C, '3N) substitution in the DC-
NQI molecule is of great importance in chemistry and physics
of (DCNQI),Cu, because the isotope effect on the electronic
state of the DMe-salt is drastic and provides a powerful means
to tune the electronic state (see Sect. 3-4). Moreover, NMR-
active 13C and '’N atoms afford significant information on
the electronic state.'

The DMe-DCNQI molecule contains 8 hydrogen atoms,
and 35 patterns of the selective deuteration are possible. The
key step is synthesis of selectively deuterated xylenes with
the ring deuteration and the methyl deuteration.” In order to
introduce one deuterium atom into the six-membered ring,
a H/D exchange reaction in the reduction step is used. A
reductive deuteration of aromatic aldehyde (or ester) with
LiAID,4 and a reductive deuteration of chloro methyl group
with superdeuteride lead to selectively methyl-deuterated xy-
lenes. Combining all these methods, we find that almost all
patterns of selective deuteration are possible.'> The German
group has reported other deuteration methods.'*

Terminal cyanoimino groups can be isotopically (*C or
I5N) labeled by use of labeled bis(trimethylsilyl)carbodi-
imide as dicyanoimination reagent.'® Selective '’N-labeling
is performed according to the p-phenylenediamine route.
When Pb(OAc), is used as the oxidant at the oxidation of
dicyanodiamines to DCNQISs, the fragile C-N bonds are rear-
ranged in a certain condition. (Diacetyliodo)benzene (DAIB)
does not cause the migration of nitrogen and gave moderate
yield.'s

Preparation of anion radical salts can be performed by
several methods. For all the salts, electrochemical crystal-
lization with constant current in acetonitrile is a very useful
method. [Cu(CH3CN)4]ClO, or CuBr; is used as supporting
electrolyte. A direct reaction of DCNQI with Cu metal in
acetonitrile also gives the anion radical salt. As-prepared
polycrystalline samples obtained by this method were used
in the X-ray photoemission spectroscopy study (see Sect. 6).
In the case of some Cu salts (especially the DMe-salt), large
single crystals for physical measurements can be obtained
with a slow diffusion of DCNQI and Cul in acetonitrile. Sin-
gle crystals of the DMe-salt with high quality and moderate
size are easily obtained with a reaction of DMe-DCNQI and
(n-Bu)4NI in the presence of (Et;N),;[CuBrs] in acetonitrile.
This reaction proceeds gradually and single crystals can be
harvested within a day.

2. Room-Temperature Crystal Structure

All the Cu salts of R|,R;-DCNQI (R,R; = CH3, CH30, 1,
Br, Cl) are isomorphous and have a tetragonal unit cell with
space group of /4,/a (Fig. 1)."" Planar DCNQI molecules are
uniformly stacked along the tetragonal ¢ axis. Each DCNQI
molecule lies on the inversion center and a half of the DC-
NQI unit is crystallographically independent. Therefore, the
unsymmetrical DCNQI molecules (R; # R;) show an orien-
tational disorder. The bond lengths in the DCNQI molecule
vary according to the formal charge, which can be explained
in terms of the coefficients of the LUMO of the neutral
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Fig. 1. Crystal structure of (DMe-DCNQI);Cu. A shaded cell is a primitive cell used for the band calculation (see Sect. 8-1).

molecule. The most significant variations are observed in
the C=N-C part. Comparison of the bond lengths with those
in the neutral unsubstituted DCNQI and in the isostructural
Li salt suggests the notion of more than one-half unit nega-
tive charge per DCNQI unit in the Cu salts.!' The interplanar
distances between least-squares planes through the six-mem-
bered rings of the DCNQI units are in the range of 3.13—3.24
A (Table 1). The overlap of the DCNQI molecules within a
stack is of the usual “double bond over ring” type. Except for
the case of the iodine-containing salts, each DCNQI column
is separated from all others and there is no short inter-column
contact. A significant feature of the iodine-containing salts is
a very short inter-column I- - -I contact.'” For example, in the
DI-salt, the observed I.--I distance 3.654 A is 15% shorter
than the van der Waals distance (4.30 A). An introduction of
bulky iodine atom(s) enhances the inclination of the DCNQI

molecular plane with respect to the stacking axis (see ¢ val-
ues in Table 1), which is associated with an enlargement of
the overlap displacement in the direction parallel to the long
molecular axis and affects the coordination geometry around
the Cu ion. The DI-salt exhibits unusual transport properties
at the high-pressure region (see Sects. 3-1 and 3-2).

An essential structural feature is that the DCNQI columns
are interconnected to each other through tetrahedrally coor-
dinated Cu ions with local symmetry of D,, (Fig. 1). The Cu
ions are separated far from each other and there is no direct
Cu---Cu contact. The significant coordination parameters
(R, a, and @) are listed in Table 1. The Cu—N distances
(R) are comparable to those in the tetrahedral complex [Cu-
(CH3CN)4]ClO4 (1.95—2.02 A). The N-Cu-N angles (a)
indicate the degree of distortion from the T; symmetry. One
can notice that, in the series of Cu salts with the (quasi)
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Table 1. Structural Parameters of (R;,R2-DCNQI),Cu
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Ri,Rz-DCNQI alA clA diA  @ldeg RIA aldeg f/deg
DMeO-DCNQI 22.442(11) 3.839(1) 3.21 335 1.988(5) 126.0(2) 177.6(5)
DI-DCNQI  21.721(3)  4.096(1) 323 379  1997(3) 1223(2) 171.8(3)
Brl-DCNQI 21.631(2) 4.012(6) 322 36.6 1.987(5) 123.1(3) 170.6(5)
Mel-DCNQI 21.710(2) 3.988(1) 324 35.9 2.001(6) 123.6(4) 172.0(6)
DMe-DCNQI  21.613(3)  3.883(1) 3.18 338  1986(1) 1247(1)  170.6(1)
MeBr-DCNQI 21.601(6) 3.856(1) 3.18 34.6 1.979(2) 125.3(1) 168.6(2)
DBr-DCNQI  21.558(10)  3.896(1) 3.19 349  1973(7) 1253(3)  169.2(6)
BrCI-DCNQI  21.569(11)  3.845(1)  3.13 354 1.963(7)  126.133)  167.0(6)
MeCI-DCNQI  21.559(7)  3.823(2) 3.8 338  1.964(4) 1262(2)  169.7(4)
DCI-DCNQI 21.55(2) 3.816(1) 3.16 341 1.972(5) 127.1(2) 168.1(4)
4
¢
d
g
Cu—N=C
DCNQI
spherical substituents (Cl, Br, I, and CH3), the larger sub- Table 2. M-I Transition Temperature (Tv-1) and Critical
stituent induces the smaller a values, that is, a reduction Pressure (Py-1) for (R1,R2 -DCNQI),Cu
of the Dy, distortion. This a angle is one of important pa-
rameters which govern the electronic state (see Sect. 8-2). Tw-1 /K Pyv-1 / Kbar
The Cu-N=C angles (6) fall within the range of 167.0— GroupI  DMeO-DCNQI — 8
172.0°, except for that in (DMeO-DCNQI),Cu (DMeO-salt; DI-DCNQI - 15
C e . Mel-DCNQI — 4
R; = R, = CH;0; 177.6°). This distinctive # value in the BrI-DCNQI . 3
DMeO-salt is probably due to the non-spherical shape and DMe-DCNQI _ 0.1
larger size of the methoxy group. This difference in the 8
value is related to a difference in the metal-ligand orbital Group 1T MeBr-DCNQI 155 —
overlapping'' and gives the DMeO-salt an exceptional po- DBr-DCNQI 160 —
sition in the DCNQI-Cu system. In this account, we focus MeCl-DCNQI 210 -
our attention mainly on the DCNQI-Cu salts with the (quasi) %rgi:ggﬁgi 5;(3) _

spherical substituents.
3. Resistivity

3-1. Substituent Effect.  Although (R;,R;-DCNQI),;Cu
salts are isomorphous, their physical properties are quite
sensitive to the choice of R; and R, (Table 2)."® According to
conducting behavior at ambient pressure, they can be roughly
classified into two groups. Group I salts are metallic down to
a very low temperature, and group II salts undergo a sharp M-
I transition at a rather high temperature (Fig. 2). In general,
the Cu salts with bulky substituents belong to group 1.

The DMe- and DMeO-salts are typical group I salts and
exhibit almost identical temperature dependence of the re-
sistivity. Resistivity is proportional to 723 down to 30 K
and remains almost constant below 15 K. The low-tem-
perature conductivity reaches as high as 10° S cm™!, which
is one of the highest values for molecular conductors. No
superconducting transition has been observed.

The DI-salt also belongs to group I, but its conducting
behavior is different from that of above-mentioned group
I salts.!” The DI-salt is metallic down to 4.2 K at ambient
pressure. The anisotropy of the resistivity is rather small

(p/jc/prc =1 :3). In the case of the DMe-salt, the ratio
P/ /C/p 1¢ is about 1/10. From ca. 90 to 4.2 K, the resistivity
is proportional to T2, which suggests the existence of a strong
electron-electron correlation (see Sects. 5-1 and 9-1).

The M-I transition of group II salts is accompanied by
hysteresis, which indicates the first-order character. At the
M-I transition temperature (Tu-1), a steep rise of the resis-
tivity is observed. Both of the hysteresis and the steep rise
grow faint as Ty increases. The activation energy in the
insulating region is less sensitive to the substituents (R; and
R;). Twm-1 is correlated to the bulkiness of the substituents,
that is, the smaller substituent leads to the higher Ty-1. It
has been mentioned that decreasing size of the substituents
causes the increase of the N—Cu-N angle a, except for the
DMeOQ-salt with the non-spherical substituents. Such a dis-
tortion of the coordination tetrahedron towards square planar
symmetry can be caused by an application of pressure.

3.2, Pressure Effect. The group I salts exhibit a
pressure-induced M-I transition, which is opposite to the
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Fig. 2. Temperature dependences of the electrical resistivity
p for the DMe- (group I) and the DBr- (group II) salts at
ambient pressure.

case of conventional molecular conductors, for example
(TMTSF);X. On the other hand, in the DCNQI salts with a
monovalent cation (e.g. (DMe-DCNQI),Ag), the application
of pressure expands a metallic region.”® The critical pressure
(Pu-1) depends on the substituents (R; and Rj), as shown
in Table 2. The DMe-salt shows the lowest Py;-1, and its
ambient-pressure metallic phase is suppressed by applying
pressure as low as 100 bar.'° This very low critical pressure
of the DMe-salt leads to its unusual isotope effects (see Sect.
3-4). The higher pressure leads to the higher T-1 and the
weaker first order character, whereas the activation energy
remains constant. In the pressure region from 2 to 7.5 kbar,
the M-I transition proceeds in two steps. The most striking
feature is a restabilization of the metallic phase at low temper-
atures in the vicinity of the critical pressure (100—300 bar).'*
For example, at 150 bar, the system shows a sharp resistivity
jump followed by an abrupt return to the metallic state with
lowering temperature. The temperature dependence of the
resistivity is similar above and below the narrow tempera-
ture region where the system becomes an insulator, which
suggests that the reentrant metallic state is of the same nature
as the high-temperature metallic state. Hereafter, we classify
the Cu salts showing the reentrant transition into group IIl.
The reentrant transition is also observed in the DMeO-salt
in the pressure region of 8—10 kbar, but the recovery of the
metallic conductivity is not complete.?! The critical pressure
of the DMeO-salt (8 kbar) is higher than that of the DMe-
salt. The resistivity behavior above 10 kbar is similar to that
of the group II salts.

The pressure effect on the group II salt was investigated in
(MeBr-DCNQI),Cu (MeBr-salt; R; = CHj, R; = Br) with
Twm-1 of 155 K at ambient pressure (Fig. 3).2* Pressure de-
pendence of the room temperature resistivity shows a min-
imum around 2 kbar. Ty increases with increasing pres-
sure. Around 3 kbar, a stepwise M-I transition is observed.
The transition becomes broad and sluggish at high pressures.
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Fig. 3. Temperature dependence of the electrical resistivity p
for (MeBr-DCNQI),Cu under pressure. A = 1 kbar; B =3
kbar (cooling process); C = 3 kbar (heating process); D = 4
kbar; E = 6 kbar (cooling process); F = 6 kbar (heating
process); G = 10 kbar; H = 15 kbar.

Above 10 kbar, the resistivity shows only monotonous in-
crease from room temperature.

The above results related to the substituent and pressure
effects can be summarized qualitatively (and roughly) in
a generalized pressure (P)-temperature (7") phase diagram
(Fig. 4). The system turns from the group I to the group II by
the application of pressure. The group Il salts are located in
the vicinity of the critical pressure. The physical pressure can
be replaced by the substituent effect (“chemical” pressure),
and they are unified into “effective” pressure. Although the
chemical pressure is not completely equivalent to the physi-
cal pressure, both of them affect the coordination geometry
around the Cu ion similarly.

The P-T phase diagram in Fig. 4 should be modified in
the higher-pressure region, depending on the substituents (R,

Group 1 i Group III E Group 11
: L a4
Metal ; ;
: o
£ ! i Cu*t:Cu?t=2:1
o i I
a. ; .
g / ;
S i Insulator
i (Curie-Weiss)
T, Insulator (Anlife_r-rg)-.j—
Pressure [
¢—— Bulky Rj and Ry
Deuteration ——
13 C, 15 N-substitution ———>
¢ Li*—doping
Zn2+-doping | ——
Fig. 4. Schematic “effective pressure”—temperature phase

diagram (see Sect. 4).
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and R,). The first and typical example is the DI-salt."® Fig-
ure 5 shows temperature dependence of the electrical resis-
tivity along the ¢ axis of the DI-salt under pressure. The
room temperature resistivity shows monotonous decrease
with increase in pressure. In the low pressure region (< 15.1
kbar), the DI-salt remains metallic down to 4.2 K. Since
the residual resistivity is hardly affected by pressure, the
PrRT./Pa2 K ratio decreases with increase in pressure. Above
15.3 kbar, a sharp M-I transition appears with hysteresis
(Fig. 5a). The critical pressure Py for the DI-salt is the
highest in the group I salts. This corresponds to the smallest
a value. Ty-1 changes sensitively near Pp.;. As pressure in-
creases, T shifts positively and the resistivity jump at Ty-g
is gradually suppressed. In the DI-salt, the reentrant tran-
sition has never been observed. This may suggest that the
reentrant pressure region is very limited. The most remark-
able feature is that the M-I transition is suppressed above ca.
20 kbar. In this pressure region (ca. 20—22 kbar), the system
remains metallic down to ca. 180 K, and shows a resistivity
maximum around 120 K, followed by the metallic behav-

T — T

10— :
15.25 15.3 16.0 kbar (a)

16.6 kbar

17.9 kbar
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Fig. 5. Temperature dependence of the electrical resistivity

p for (DI-DCNQI),Cu under pressure. (Reproduced from
Fig. 2 in Ref. 17a.
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ior. There is little hysteresis, which indicates the second
order character of the transition. On the other hand, in the
DMe-salt, the high pressure up to 20 kbar only enhances the
semiconductive behavior." The high-pressure metallic phase
above 20 kbar in the DI-salt is the first such observation in
the DCNQI-Cu salts. The resistivity behavior of the DI-salt
under pressure higher than ca. 25 kbar is more complicated.
The M-I transition appears again around 25 kbar. This tran-
sition exhibits little hysteresis and is suppressed above ca.
35 kbar (Fig. 5b).

The Brl-salt (R; = Br, R; = I) also shows a complicated
pressure effect similar to that in the DI-salt.'” This system
shows a clear reentrant transition in the vicinity of Py-p, as
is often observed in other group I salts under pressure. Very
recently, the DBr-salt (group II) has been found to show a
metal-like behavior, like the Brl-salt in the high-pressure
region.”? This is in contrast to the behavior of the MeBr-
salt. The Mel-salt (R; = CH3, R, = I) remains metallic at
ambient pressure and shows a pressure-induced M-I transi-
tion accompanied by a clear reentrant behavior. The high-
pressure metallic phase, however, has never been found in
the Mel-salt.'™

3-3. Alloy Effect.  An attempt to observe the reentrant
transition at ambient pressure was performed in an alloy of
the group I and the group II, [(DMe-DCNQI); —..(MeBr-DC-
NQI),],Cu.?* This alloy system was prepared electrochem-
ically. The modes of the temperature dependence of the
resistivity can be classified into the following four types: (I)
x < 0.1; The reentrant behavior is observed. The residual
resistivity increases rapidly with x, which indicates strong
disorder effect. (II) 0.1 < x < 0.6; The resistivity shows
large hysteresis. In the cooling process, the resistivity shows
metallic behavior down to ca. 90 K, followed by an almost
discontinuous increase, whereas the system remains low con-
ductive up to ca. 210 K in the warming process. (II) x =~ 0.7;
The system is semiconductive for all over the temperature
range, which may be ascribed to the electron localization
due to the severe lattice disorder. (IV) x > 0.8; A sharp M-
I transition similar to that of the pure MeBr-salt is observed.
The x dependence of the N-Cu-N angle (a), determined by
the X-ray crystal structure analysis, shows that & increases
stepwise with increasing x. There are three regions: small-
a region (x < 0.1), intermediate-& region (0.1 < x < 0.6)
and large-a region (x > 0.8). The reentrant behavior is ob-
served in the small-& region. It should be noted that the
replacement of DMe-DCNQI with MeBr-DCNQI enlarges
the cell volume, whereas the application of pressure leads to
the reduction of the unit cell volume. This indicates that an
essential factor of the metal instability is not the reduction of
the cell volume but the enlargement of the & value.

Another type of alloy can be obtained by the Li doping at
the Cu site. Especially, the Li doping in the group II salts
is very interesting. The pure Li salt is isostructural with the
Cu salt. Since the difference between the crystal structures
of the Cu and Li salts is not so large, the Li* ion is expected
to replace the Cu ion without serious structural disturbance.
The special feature of the Li doping is the continuous change
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of the formal charge of the DCNQI molecule, which was
confirmed by x-dependence of the C=N (imine) stretching
frequency of DCNQI in (MeBr-DCNQI),Cu;_,Li,.” The
Li*-doping stabilizes the metallic state, that is, the Li*-doping
corresponds to negative pressure. Ty.; values of (MeBr-
DCNQI);Cu,_,Li, decrease rapidly with increasing x (x <
0.2), and the system with 0.25 < x < 0.50 is metallic down
to 4.2 K. In the case of (DBr-DCNQI),Cu,_,Li,, the M-
I transition is also suppressed by the Li-doping, and the
reentrant behavior is observed in the concentration range of
0.1 <x<0.23.2 These results are not trivial, considering
that the pure Cu and Li salts are both insulating in the low-
temperature region. The Li-doping in the group I salts only
increases the residual resistance due to randomness.

Doping of divalent cations is very difficult. For example,
the Zn**-doping is possible only when the Zn content is very
low, and obtained crystals have poor quality. Interestingly,
(DMe-DCNQD,Cug97Zng ;7 shows the weak reentrant be-
havior, which suggests that the Zn?*-doping corresponds to
positive pressure.”’ The Li* and Zn>* doping effects will be
discussed again in Sect. 8-2.

3-4. Isotope Effect.  The reentrant transition was first
observed in the DMe-salt under very low-pressure generated
by the He-gas pressure technique. The reentrant transition
is also observed in some alloy systems at ambient pressure.
But, technical problems in the pressure experiment or se-
rious disorder effect in the alloy system hindered detailed
studies. The first breakthrough was done by the German
group.'? They found a M-I transition induced by methyl- and
full deuteration in (DMe-DCNQI-d,,),Cu (rn = 3,6,8). This
remarkable isotope effect gave us a suggestion that electronic
state can be controlled by the number and position of deu-
terinm atoms in a wide range of the effective pressure (from
the group I to the group I). It should be added that among the
DCNQI-Cu salts, the DMe-salt can provide single crystals
with the largest size and high quality. Hereafter, we use a
notation —d,[a;,a2:b] (0<ay, a; <3, 0< b <2), where a;
and a; are numbers of deuterium atoms in each methyl group
and b is that in the six-membered ring, for the simplified ex-
pression of the selectively deuterated DMe-system with n
deuterium atoms in total. Non- and fully-deuterated systems
are simply represented as —h and —dg, respectively. Transi-
tion temperatures obtained in the resistivity measurements
are drastically changed by the number and position of deu-
terium atoms (Table 3)."°> Especially, in the —d3[1,0;2], —d[1,
1;0], —=d»[2,0;01, —d3[1,1;1], —d4[1,1;2], and —d3[3,0;0] salts,
a giant reentrant transition can be observed (Fig. 6). This
is the first ambient-pressure reentrant transition observed in
a non-alloy system. Comparison of transition temperatures
with those in the ~h system under pressure'® suggests that
the effect of deuteration can be converted into pressure. This
“effective pressure” Peg (bar) is approximately expressed as
a linear function of a;, a;, and b,

Peir = 80{(a) + a2) +0.2b}.

This formula indicates that
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Table 3.  Transition Temperatures for Selectively Deuter-
ated (DMe-DCNQI-d,,),Cu (see Fig. 4)

Transition temperature

On cooling On warming
—d, T T, Ty T, Pt / bar®
-h — — — — )
-d;[0,0;1] — — — — 16
~d>[0,0;2]  ca. 40 (slight sh)® ca. 50 (slight sh) 32
—d,{1,0;0] ca. 40 (sh)® ca. 50 (sh) ¥ 80
—d[1,0:1]  ca. 40 (sh)® ca. 50 (sh) ¥ 926
-d3[1,0;219 51 28 54 41 112
—d[1,1;0] 55 21 56 35 160
—d2[2,0,01 55 20 58 35 160
~d3[1,1;1] 57 16 63 30 176
—d4[1,1;2] 61 13 59 33 192
—d3(3,0;,0] ¥ 62 10 66 22 240
64 — 67 —
—-ds[3,0;2] 66 — 70 — 272
—d4[2,2;0] 68 —_ 71 — 320
—d¢[3,3;0] 75 — 78 — 480
-ds[3,3;11 77 —_ 80 — 496
—dg 80 — 82 — 512

a) Calculated from Pegr =2 80{(a; +a3)+0.2b} (see Sect. 3-4).
b) sh stands for shoulder. Some samples do not indicate any
anomaly. c) Some samples indicate no giant reentrant transition,
but only a shoulderatca. SOK. d) Some samples do not indicate
the reentrant transition.

1071 F R — T
[ C///N
/
N
102 F DH, H E
. H CH,D
5 103F C,N
-
G N
g
S -d,[1,1;0] ¢ T
107 F ;
6 . R — il
107 10 100

T/K
Fig. 6. Reentrant transition observed in the electrical resis-
tivity p for (DMe-DCNQI—-d;[1,1;0])2Cu.

(1) the deuteration at the methyl group is more effective,
and

(2) the substitution pattern is not significant (for example,
both the —d,[1,1;0] and the —d,[2,0;0] systems show very
similar behavior).

Unit cell parameters of the selectively deuterated sys-
tems were carefully determined using non-monochromatized
Mo Ka, radiation at room temperature. The results indicate
a tendency of the unit cell contraction by the deuteration.®
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This comes mainly from the fact that the C-D bond is slightly
shorter than the C—H bond as a result of the lower zero point
energy and unharmonic term in the potential curve. This
steric isotope effect makes each DMe-DCNQI molecule a
bit less bulky and leads to ‘contraction’ of intermolecular
distances. This situation is similar to that under pressure.
In this sense, the deuteration is equivalent to the application
of pressure. In the crystal, the bulky methyl groups contact
to each other along the stacking ¢ axis and the inter-molec-
ular distance is mainly affected by repulsion between the
methyl groups. Therefore, the methyl deuteration is more
effective than the ring one. The ring deuteration has a much
smaller but measurable effect. This would be explained from
the rather short distance between the ring hydrogen and the
terminal cyano nitrogen of the neighboring molecule.

The coordination geometry around the Cu ion is correlated
to the stability of the metallic state in the DCNQI-Cu sys-
tem (see Sect. 8-2). The application of (effective) pressure
is considered to enhance the distortion of the coordination
tetrahedron. Unfortunately, the accuracy of the X-ray crys-
tal structure analysis at room temperature is not enough to
detect changes in the significant coordination parameters (R,
a, and @) for the selectively deuterated system.

Since the DMe-salt gives large single crystals with high
quality and the deuteration does not affect the crystallization
process of the Cu salt, alloy systems derived from deuter-
ated DMe-DCNQI molecules have provided much clearer
information. Details of the phase diagram for the DMe-salt
were investigated with use of the alloy system [(DMe-DC-
NQI-h), ., (DMe-DCNQI-dg),],Cu.?® Since the difference
between —h and —dg molecules is very small, this system
is a homogeneous alloy where the effect of disorder is re-
duced to a minimum. The x~T phase diagram reproduces
the low-pressure region (1—500 bar) in the P-T phase di-
agram. One of the important features is a sharp vertical
boundary line between the insulating and low-temperature
metallic phases (Fig. 4). That is, the I—M transition temper-
ature T in the reentrant region sharply drops to O K near the
(antiferromagnetic) insulator phase.

The Li-doped group I system (DMe-DCNQI-dy[3,
3;11)2Cu;y_,Li, forms a good solid solution in the low-Li
content region (x < 0.1).%” This alloy system was prepared
by the gradual reduction of DCNQI with (rn-Bu)4NI in the
presence of (Et4N);[CuBr4] and LiClQ,4. In the concentra-
tion region of 0.038 < x < 0.052, the giant reentrant tran-
sition is observed, as in group IlI. Compared with (DBr-
DCNQI),Cu, _,Li,, this system shows much sharper reen-
trant transition in the lower Li-content region. The larger
contents of Li* (0.055 < x < 0.1) stabilize the metallic state
down to 4.2 K. The Zn?*-doping in the group II salt was first
performed in (DMe-DCNQI-d7[3,3;1])2CUO_97ZI10.03 where
the Zn?*-doping slightly raises Ty-1. This also indicates that
the Zn?*-doping corresponds to positive pressure.

An unexpected isotope effect in the '*C-substitued DMe-
salt was found during the NMR study.'® The '3C-labeling
of two cyano groups was carried out for the non-deuterated
(-h) and selectively deuterated (—d;[1,0;0] and —d,[2,0;0])
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DMe-DCNQI molecules. Isotope purity for *C was higher
than 98 atom%. FT-IR spectra of neutral molecules showed
an isotopic shift of the C=N stretching vibrational frequency
(ca. 50 cm~!). Resistivity measurements for each Cu salt
have revealed that the '>C-substitution increases “effective
pressure” by ca. 100 bar (Fig. 7). On the other hand, the '3C-
labeling for the methyl carbon shows only a negligibly small
effect.

Furthermore, replacement of all four N atoms in the —h
and —d4[1,1;2] DMe-DCNQI molecules with I5N atoms was
found to cause the same isotope effect (Fig. 7). In this case,
an increase in the effective pressure (ca. 90 bar) is slightly
smaller than that in the 3C-substitution. Two patterns of the
selective 'N-labeling of the terminal cyanoimino groups,
I5N atoms to inner imino-N atoms (in-'’N,) and to outer
cyano-N atoms (out-'>N,), were carried out for (DMe-DC-
NQI—-d;[1,1;0]);Cu whose transition temperatures are very
sensitive to the effective pressure.” Other patterns of isotope
labeling in (DMe-DCNQI—d;[1,1;0]),Cu, 13C atoms to cya-
no-C atoms (>C5) and 3N atoms to all four N atoms (}3Ny),
were also examined for comparison. Intensity of the isotope
effect appears in the order of 3C; > "Ny > in-'>N; > out-
I5N,. The origin of this unusually large heavy-atom isotope
effect remains an open question.

4. Low-Temperature Crystal Structure

The chemistry and physics of the DCNQI-Cu salts as a
unique pm-d system were initiated by one X-ray oscillation
photograph which exhibits three-fold superlattice reflections
from (MeCl-DCNQI);Cu (MeCl-salt; R; = CHj, R, =Cl)
below Ty-1.” The development of the three-fold superstruc-
ture (@xbx3c) in the insulating phase strongly suggests the
mixed valence state of Cu in the metallic phase.” In usual 1D
metals, the M-I transition accompanied by CDW originates
in a divergence of the density response function by a weak
perturbing potential with the wave number Q = 2kg, where
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Fig. 7. '*C-and "*N-isotope effect on the electrical resistivity
p of (DMe-DCNQI-h),Cu (cooling process).
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kg is the Fermi wave number.*® If the Cu ion is monova-
lent, the formal charge of the DCNQI is —1/2 and thus the
1D pm band is quarter-filled (kg = +7/4c). Therefore, the
periodicity of the lattice distortion is 25t /Q = 4c¢. In the pres-
ence of strong on-site Coulomb repulsion between electrons,
the band splits into the so-called upper and lower Hubbard
bands. They halve the electrons which the original band
can accommodate. Therefore, when electrons are accom-
modated only in the lower band, the Fermi wave number is
twice as large as kg for non-interacting electrons. In this
case, the CDW formation is possible, but the wave num-
ber of the perturbing potential is 4kg. Under this 4kg CDW
state, there remains a spin degree of freedom. The spin
system can form an antiferromagnetic state at lower tem-
perature. When the lattice is allowed to modulate with the
wave number 2kr to make electron pairs, however, the sys-
tem undergoes a transition to a state with a total spin =0.
This is a spin-Peierls transition. If there is strong long-range
Coulomb repulsion between electrons, there is another pos-
sibility of the 4kp instability, the 4kr Wigner crystallization.
The Ag salts of DMe-DCNQI and DI-DCNQI are two typi-
cal examples. (DMe-DCNQI); Ag exhibits diffuse lines with
g =™ /2 (corresponding (o 4kg) at room temperature.’' This
diffuse scattering transforms into satellite reflections below
100 K. At 83 K, the system undergoes a second-order transi-
tion accompanied with the formation of satellite reflections
at ¢ = (0,0,¢*/4). Transport properties and magnetic sus-
ceptibility indicate that these behaviors can be interpreted in
terms of the 4kg CDW formation followed by the spin-Peierls
transition. On the other hand, for (DI-DCNQI),Ag, periodic
molecular deformation possibly related to molecular valence
ordering has been found from 4 satellite reflection intensity
distribution in g-space.** This can be ascribed to the Wigner
crystal formation.

The Cu salts, however, exhibit satellite reflections at
g =1(0,0,¢*/3), indicating that the 1D band is 1/3-filled and
thus the valence of DCNQI is —2/3. Temperature depen-
dence of the satellite peak intensities in the MeBr-salt was
investigated with use of the four-circle diffractometer.'* The
satellite reflections develop discontinuously at T-j, and the
absence of the diffuse lines above Ty- indicates that the M-
[ transition in the Cu salts is not a simple CDW transition.

For the entire group II salts investigated (MeCl-,” and
MeBr-salts,'' and the alloy {(DMe-DCNQI)y4(DBr-DC-
NQI)o.11,Cu?), the periodicity of the lattice distortion is
3¢. For the group I salts (DMe- and DI-salts), the high-
pressure X-ray diffraction study has revealed that the insu-
lating state under pressure is also accompanied by the three-
fold superlattice.*® The reentrant transition of the group I
salts was investigated by the monochromatic Laue photo-
graph method for the deuterated DMe-salts: [(DMe-DC-
NQI-h); _,(DMe-DCNQI-ds),],Cu (x=0.29 and 0.26)* and
(DMe-DCNQI-d5[1,1;0]),Cu.*® In the M-I transition of
the group INl salts, the three-fold superlattice is also ob-
served with no precursor diffuse scattering. These three-
fold superlattice spots disappear in the reentrant metallic
phase. Furthermore, the Li-doped system (DMe-DCNQI-
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d7[3.3;11),Cu -, Li, (x =0.04) which belongs to group Il
also exhibits a three-fold superlattice in the insulating state
which disappears in the reentrant metallic state.”” All these
results indicate that the three-fold superstructure is a common
feature of the insulating state of the DCNQI-Cu salts.

Temperature dependence of the lattice constants was mea-
sured for the DMe-, MeBr-, DBr-, MeCl-, and BrCl-salts.'!
For all the salts, the lattice constant a shows a negative ther-
mal expansion, whereas the thermal expansion of the ¢ axis
is normal. The lattice constants of the DMe-salt (group I)
show no anomaly throughout the entire range of temperature
investigated (from room-temperature to 100 K). The group
II salts clearly exhibit an abrupt decrease in the c-axis length
at Ty-;. The magnitude of the decrease in the ¢-axis length
at Ty-1 seems to become large with lowering Ty-j.

The low-temperature crystal structures (the average struc-
tures for the insulating phase) were determined with use of
the four-circle diffractometer (cold N, stream from liquid
N,) or the Weisenberg-type imaging plate (closed-cycle he-
lium refrigerator). The most prominent feature is that the
N—Cu-N angle « increases gradually with lowering temper-
ature and shows an abrupt increase at Ty-; (Fig. 8)."'¢ This
suggests that the M-I transition can be described as a coopera-
tive structural transition associated with the CDW instability
of the DCNQI column and the intensive deformation of the
coordination tetrahedron around the Cu ion. In the group III
salt (DCNQI—d;[1,1;0]),Cu, across the I-M transition, the
value drops into the same value that the group [ salt reaches
(Fig. 8).* These results indicate that the a angle is closely
related to the electronic state of the DCNQI-Cu salts. It
should be noted that the magnetic structure in the insulating
state can be derived from the average structure (see Sect. 5-
2).

X-Ray crystal structure analysis of the three-fold insulating
phase was tried for the MeBr-salt at 110 K.*? The extinction
rule of the superlattice reflections indicates that the three-
fold structure does not have a body-centered lattice and there
must be Cu atoms (and/or DCNQI molecules) interrelated by
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Fig. 8. Temperature dependences of the N—Cu~-N coordina-
tion angle o in the selectively deuterated DMe-salts (groups
I, I, and II).
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body-centered translational symmetry, whose positions are
modulated in the anti-phase fashion. The space group P4
was assumed because of the requirement of the “anti-phase
modulation”. Since the intensities of superlattice reflections
were very weak, the usual procedure could not be used and
the DCNQI molecules were refined assuming rigid bodies.
This analysis provides important information on the arrange-
ment of the Cu ions, but the information on the coordination
geometry around the Cu ion could not be determined accu-
rately.

5. Magnetic Properties

5-1. Static Magnetic Susceptibility. Magnetic proper-
ties are very important in the description of the DCNQI-Cu
salts. The M-I transition in this system is not a simple CDW
transition, but a magnetic transition associated with the ap-
pearance of the local magnetic moments on the Cu sites. This
point was noticed in the ESR measurements for the MeBr-
and MeCl-salts in the insulating phase.’” The g-factor (H//c)
suggests that the ESR signal in the insulating phase origi-
nates from only Cu?*. The intensity is consistent with the
spin density deduced from the Cu* : Cu**ratio=2: 1. From
the magnetic viewpoint, the M-I transition of this system is
characterized by the abrupt change of Cu 3d electrons from
the itinerant state to the localized state.

The fully deuterated DMe-salt (DMe-DCNQI-dg),Cu is
the most suitable example for the study of the magnetic as-
pects of the group Il salts, because it affords satisfactory large
single crystals. Figure 9a shows temperature dependence
of the static magnetic susceptibility.” In the metallic phase,
temperature-independent Pauli-like behavior is observed. At
Twm-1 (=80 K), there is a jump of susceptibility. It should be
recalled that the ordinary CDW transition leads the system
to the non-magnetic state. This susceptibility jump indicates
an appearance of local spins. These local spins obey the
Curie~Weiss law down to ca. 30 K. The Curie constant
indicates that one-third of the total Cu is Cu?* (S =1/2). At
8 K, the antiferromagnetic transition occurs. The spin-flop
type magnetization curve for the fields perpendicular to the
¢ axis and anisotropy of the susceptibility indicate that the
Cu spins are aligned in the ab plane, that is, the easy axis is
in the ab-plane and the c-axis is the hard axis. It should be
noted that around the Néel temperature Ty an enhancement
of susceptibility is observed when the field is applied perpen-
dicular to the c¢ axis, whereas there is no anomaly when the
field is applied along the ¢ axis. Non-linear field dependence
of magnetization, hysteretic magnetization curve, and ther-
moremanent magnetization observed perpendicular to the ¢
axis indicates that spontaneous magnetization perpendicular
to the ¢ axis appears below 8 K and shows a maximum at
ca. 7 K. This weak ferromagnetism can be explained by the
canting of the antiferromagnetic spins. The ferromagnetic
saturation moment is very small (5x10™*ug/Cu?*), which
involves small inclination (ca. 1072 deg.) of the spins from
the antiparallel alignment. Similar weak ferromagnetism is
observed also in the DBr-salt (T = 16 K) below 16 K.* The
ferromagnetic component for (DMe-DCNQI-dg),Cu disap-
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pears at ca. 2 K, whereas that of the DBr-salt tends to saturate
below ca. 8 K.

The detailed magnetic susceptibility measurement for the
group III salt has become possible by the selective deuter-
ation. In this case, one should pay attention to the strong
overcooling effect. It takes a long time for the system to
reach thermal equilibrium. This effect tends to suppress
the susceptibility in the insulating phase and enhance the
susceptibility in the reentrant metallic phase. An overnight
annealing removed this overcooling effect. Figure 9b shows
temperature dependence of the paramagnetic susceptibility
Xp of (DMe-DCNQI-d;[1,1;0]),Cu.*® The insulating phase
exhibits the Curie~Weiss-like y, identical with those of the
group II salts. The reentrant metallic phase shows the same
Pauli-like ;, as that of the high-temperature metallic phase,
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which indicates that both metallic phases are identical to each
other.

In the metallic state, some DCNQI-Cu salts, for example,
the (deuterated and non-deuterated) DMe-, DMeO-, DBr-
salts show temperature independent Pauli-like susceptibility
(4.3—5.6x10~* emumol ™', Fig. 9a).* On the other hand,
the static magnetic susceptibility of the DI-salt is 2—3 times
as large as those of the above-mentioned Cu salts.* The
temperature dependence of the paramagnetic susceptibility
has a broad maximum around 110 K (Fig. 10). The Mel-
and Brl-salts, where one of the iodine atoms in the DI-salt
is replaced with a methyl group and a bromine atom re-
spectively, exhibit j, values intermediate between those of
the DMe- and DI-salts, with a broad maximum around 200
K.* From the viewpoint of the phenomenological theory of
itinerant electron magnetism,* the temperature where ¥, ex-
hibits the maximum (7}, ) can be related to the characteristic
temperature of spin fluctuation. In this framework, Ty 1s
proportional to 1/yy, where xp is the susceptibility at 0 K.
This relation seems to be satisfied in the present system. If
the spin fluctuation mechanism is applicable, T is a mea-
sure of effective p71-d hybridization determining the width of
peak structure of a narrow band near the Fermi level. Tpax
values for the iodine-containing salts indicate reduction of
the effective p7i-d hybridization (see Sect. 9-1).

5-2. NMR. In NMR measurements, one can obtain
information about the electronic spin susceptibility from the
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Fig. 10. Temperature dependences of the paramagnetic sus-
ceptibility y, for the iodine-containing group I salts.
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Knight shift (shift of the resonance frequency from that for
an isolated nucleus) and that about the metallic character
of conduction electrons and the electron—electron Coulomb
repulsion from the relaxation rate.*® The DCNQI-Cu system
has a 1D Fermi surface associated with the DCNQI column
and a 3D Fermi surface derived mainly from the Cu 3d orbital
(see Sect. 8-1). Therefore, it seems very likely that the 'H
nucleus probes the 1D pm band mainly, whereas the #*Cu
nucleus probes the 3D pn-d hybridized band.

The 'H-nuclear-spin-lattice relaxation rate 7, ! of the DBr-
salt (group II) in the metallic state obeys the Korringa-law
(T T = const.) which holds in uncorrelated Fermi liquid
systems. The relaxation mechanism in the metallic state is
governed by the hyperfine coupling with conduction elec-
trons of the pr-band. At Ty, Tl_l shows a discontinuous
increase, which reflects the appearance of localized Cu®*
moments at the M-I transition.* In the insulating state, the
fluctuations of local spins at the Cu®* sites produce the relax-
ation process. As for the DMe- and DMeO-salts (group 1),
'H-T7! shows a broad peak at 65 K for the DMe-saltand 170
K for the DMeO-salt due to the contribution of the thermally
activated methyl rotations.” At lower temperatures, where
the rotational contribution to the relaxation rate is expected
to die out exponentially, 'H-77"' does not follow the Ko-
rringa-low for both salts. Under pressure, a discontinuous
increase of 'H-T; ' at the M-I transition can be observed.*
This indicates that the pressure-induced M-I transition is also
accompanied by the appearance of localized spins.

The arrangement of Cu* and Cu?* ions in the insulating
phase can be determined almost uniquely from the average
low-temperature crystal structure (Fig. 11).?* In this model,
the nearest-neighbor Cu?* ions (A, B) interact with each
other via two DCNQI molecules [Q(1), Q(2)] and the spins
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Fig. 11. Arrangement of Cu* and Cu®* ions in the insulating

phase.
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along the ¢ axis are parallel to each other. This model has
been confirmed by a '"HNMR study.*’” Antiferromagnetic
resonance was observed in a single crystal of the group 1I
salt (DMe-DCNQI-d;[3,3;1]);Cu (Tn = 6.7 K) which has a
unique crystallographic 'H site and is very suitable for the
'"HNMR study. Below Ty, the resonance line is split into
three pairs of peaks, which is naturally understood by the
array along the c-axis as ---Cu**Cu*Cu*--- and an existence
of two sublattices in the ordered antiferromagnetic state. The
angular dependence of the pair separations is well explained
by the model proposed by the X-ray structure analysis. This
result is consistent with that obtained from powdered sam-
ples of the DMe-salt under pressure and the DBr-salt. The
easy axis is in the ab-plane. On rotating the field within
the ab-plane, minima of the resonance field appear for the
field directions parallel to the projections of the Cu—N bonds
on to the ab-plane. This indicates that the orientation of
the spins is governed by the coordination geometry around
the Cu ion. Since there are two nonequivalent Cu?* sites in
the insulating state, the canting of the spins can be naturally
understood. '3CNMR study on the selectively deuterated
DMe-salt (—dg[3,3:;0]) with '*C-enriched —C=N sites indi-
cates that in the insulating state the spins are localized at the
Cu?* sites exclusively and the other Cu and DCNQI sites are
completely nonmagnetic.'*

Pressure dependence of the Néel temperature Ty was stud-
ied by NMR for the DMe-salt.*® It has been revealed that an
application of pressure shifts 7y downward: 7y =8 K (1.5
kbar), 7 K (4.5 kbar), 5.5 K (8.5 kbar). It should be men-
tioned that the DI-salt in the high-pressure insulating state
exhibits the highest Ty (30 K at 16 kbar).*

The reentrant transition was investigated by 'HNMR
for (DMe-DCNQI-d,[1,1;0]);Cu and (DMe-DCNQI-d;
[1,1;1])2Cu.® In the reentrant metallic phase, 'H-T} ! does
not follow the Korringa-law, as is observed in the non-deuter-
ated DMe-salt. (T;7)' in the reentrant metallic phase is
smoothly connected to the extrapolation from the high-tem-
perature side. From the viewpoint of 'H NMR, the insulating
state in the group II salts is identical with that in the group I
salts and the reentrant metallic phase is essentially the same
as the high-temperature metallic phase.

The systematic *Cu NMR measurements were performed
for the DMe- and DMeO-salts (group I), the DBr-sait
(group 1), and (DMe-DCNQI-d,[1,1;0]),Cu (group II).>°
In the metallic state, ©*Cu-T;' follows approximately the
Korringa-low for all salts except for the DMe-salts where
(T, T)~! is temperature dependent above 100 K being scaled
to the square of the d-spin part of the Knight shift. The anal-
yses of T ! and the Knight shift in the metallic state suggest
that the density of states at the Fermi level increases in order
of the DMeO-salt < the DMe-salt < the DBr-salt. At the M-
I transition, both of ;"' and the Knight shift change discon-
tinuously. The NMR intensity in the insulating phase is de-
creased to two-thirds of that in the metallic phase. One-third
of the CuNMR signal from Cu?* is anticipated to be out of
observation due to the large relaxation rate. This is consistent
with the charge separation at the Cu sites (---Cu?*Cu*Cu*---).
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As for the group III salt, the *Cu NMR spectrum in the reen-
trant metallic phase is the same as that in the high-temper-
ature metallic phase, and also the same as that of the non-
deuterated DMe-salt.

6. Photoemission Spectroscopy —Mixed Valency of
Cu—

Photoemission spectroscopy played an important role in
the study of the valence state of Cu.*' If the Cu ions are in a
mixed valence state, the X-ray photoemission spectroscopy
(XPS) spectra of the Cu 2p core level should show satellite
structures characteristic of the Cu®* state. Since the pho-
toelectron spectroscopy is very surface-sensitive, it is very
important to remove Cu?* species in surface contaminations.
In order to obtain fresh and clean surfaces, the surface lay-
ers of single crystals were removed by gentle scraping with
a diamond file in the ultrahigh-vacuum chamber. The Cu
2p spectrum of the DMe-salt measured at ca. 80 K was de-
composed into Cu* and Cu?* components by a least-squares
line-shape analysis method. The overlapping plasmon-loss
satellites accompanying the photoemission peaks were taken
into account based on the electron-energy-loss spectroscopy
(EELS). The ratio of Cu* to Cu®* is found to be 2 : (0.940.1).
This indicates that the Cu ion is in a mixed valence-fluctu-
ating state in the metallic phase. The N 1s core-level XPS
peak can be decomposed into three peaks (a, b, and ¢) with
the intensity ratio of (approximately) 3:2:1. The peak a
is from the imino-nitrogen, the peak b is from the cyano-
nitrogen coordinating Cu*, and the peak y is from the cyano-
nitrogen coordinating Cu?*. This is again consistent with the
Cu* : Cu®* ratio of ca. 2: 1.

A comparative XPS study of the DMe-, MeBr-, MeCl-, DI-
salts was carried out for in-situ synthesized thin film of poly-
crystals at room temperature.” Line shape analyses of the
Cu 2p core level spectra indicate that the average valence of
Cu shows a systematic change: MeBr- (+1.32) = MeCl- (+
1.31) > DMe- (+1.28) > DI- (+1.22). An important point
is that the average valence of Cu deviates from the value
+1.33 (+4/3) expected from the Cu* : Cu**ratio=2: 1 in
the insulating phase. This deviation toward Cu* is enhanced
in the group I salts. Furthermore, the further the average
valance of Cu deviates away from +4 /3, the more difficult it
is for the M-I transition to occur. This point will be discussed
in detail in Sect. 8-2.

Temperature-dependence of the XPS spectra of the Cu 2p
core level was studied for the DI-, MeBr-, and MeCl-salts.*
In the metallic phase, the Cu 2p spectra are almost tem-
perature-independent above Ty-1. In the case of the MeCl-
salt (Ty-1 = 210 K), the line shape analysis indicates that the
Cu* : Cu** ratio changes from 2: 0.9 (at 300 K) to 2: 1.0 (at
170 K), respectively, i.e., the average valence changes from
+1.31 (at 300 K) to +4/3 (at 170 K). This suggests that the
charge transfer from Cu to DCNQI occurs across the M-I
transition. .

The existence of a clear Fermi edge in the photoemis-
sion spectra of low dimensional materials is an issue of
interest. For (DMe-DCNQI-d/[3,3;1])2Cu (Tym-1 =77 K),
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valence-band photoemission spectra with the energy reso-
lution of ca. 40 meV exhibit a power-law dependence on
the electron binding energy || on a high-energy scale (0.3
eV <|w| <0.05 eV) at high temperatures.” This behavior
can be interpreted by the single-particle spectral function of
a Luttinger liquid** near the Fermi level. On the other hand,
the spectra for the metallic phase at low temperatures, partic-
ularly that taken at 190 K, show a weak but finite intensity at
the Fermi level. This indicates the weak 3D character of the
conduction electrons and the crossover from a 1D Luttinger
liquid to a 3D Fermi liquid with decreasing temperature. The
spectrum at 55 K is suppressed near the Fermi level compared
to those taken in the metallic phase, which clearly indicates
the opening of a gap of at least ca. 0.1 eV in the insulating
phase.

Temperature dependence of photoemission spectra in the
valence-band region of (DMe-DCNQI-d;[1,1;0]),Cu (group
1) shows that the spectral weight in the vicinity of the Fermi
level decreases systematically upon decreasing temperature
below the mean-field (MF) transition temperature (Tyr —
4Twm-1) even in the metailic state, resulting in a pseudogap
formation above Ty-1.>> This behavior continues across Tw-1
and causes the M-I transition. An important observation is
that the spectral weight is transferred to higher energies over
an energy range much larger than the gap. This indicates that
a cooperative effect of strong electron correlation and struc-
tural changes is responsible for the changes in the density of
state as a function of temperature.

7. Optical Properties

The infrared spectra also indicate the mixed-valence state
of the Cu ion. The electron transferred from Cu is accommo-
dated in the lowest unoccupied molecular orbital (LUMO) of
DCNQI with antibonding nature on the C=N (imine) and C=C
bonds. Therefore, the strength of these bonds is reduced and
their stretching frequencies decrease as the electron trans-
fer from Cu to DCNQI proceeds. At room temperature, the
wave numbers of infrared absorption bands (1) of neutral
DMe- and DBr-DCNQI molecules and their Li and Ba salts
are linearly correlated with the degree of the electron transfer
(5).® These v;— O relations indicate that the & value for the
Cu salts is about 2/3 (therefore, the valence of Cu is +4/3),
which is consistent with results of other experiments. For the
powdered sample of the DBr-salt below Ty-i, the ordinary
infrared bands observed at room temperature split into three
bands. This splitting is due to an inhomogeneous charge dis-
tribution in the DCNQI column produced by the freezing of
CDW. The totally symmetric modes observed in the Raman
spectra of neutral DCNQI becomes IR-active approximately
at Ty, indicating that the DCNQI molecules deviates from
inversion symmetry points in the crystal. The absorption in-
tensities of these modes grow gradually with lowering tem-
perature. This seems to suggest a gradual structural change
in the DCNQI columns. But polarized infrared reflectance
spectra for the single crystal of (DMe-DCNQI-d;[3,3;1]),Cu
(group II) under almost stress-free condition exhibit the fol-
lowing drastic changes within natrow temperature region
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around Tyy-y : 1) the Drude-like dispersion completely disap-
pears in both E,,. and E, . spectra (c: the stacking axis);
2) a dispersion due to charge-transfer excitation appears in
the £/ spectrum; 3) sharp peaks due to electron-molecular
vibration coupling appear in the £, spectrum.”” The spec-
trum shows little change below Ty-;. These observations
indicate that the M-I transition is accompanied by abrupt
CDW formation at Ty-;. Considering that the electronic
state is sensitive to the pressure, one of the possible origins
for the gradual behavior observed in the powdered sample in
KBr disk is a local-stress effect which leads to a coexistence
of the metallic and insulating phases.

It should be noted that the E | . reflectance spectrum of
the DMe-salt exhibits the strong dispersion, which is the
most substantial difference from those of the Ag and Na
salts.® This dispersion which becomes more remarkable at
low temperature can be assigned to the intra-band transition
along the inter-column direction. This result means that the
conduction band is formed not only along the DCNQI column
but also in the inter-column direction. That is, the reflectance
spectrum demonstrates the 3D nature of the conduction band.

8. Electronic State —px-d Interaction—

8-1. Coexistence of One- and Three-dimensional Fermi
Surfaces.  The mixed valence state of the Cu ion (Cu* :
Cu?* =2 : 1) in the metallic state implies an interaction be-
tween the organic pr electron and the d electron near the
Fermi level. This feature provides very unique electronic
structure. The band structure can be depicted using the
simple tight-binding approximation. In this calculation, the
body-centered unit cell (a, b, ¢) is reduced to the primitive
cell (ay.by.c,), where a, =a, b, = (a+b+c)/2, ¢, = ¢ (Fig. 1).
The primitive unit cell contains two Cu ions and four DCNQI
molecules. For the calculation, the LUMO of DCNQI and
the highest-lying d,, orbital of Cu are considered. The band
energy £(k) is obtained from this equation:

2t.coskc—¢ 0 ta+1,e kP

* 2.coske — & 1, +1,eX@bH)

* * 2t.coske — €

* * %

* * *

* * *
tae—ika +tae‘ikb tdeik(fbw) tdeik(7”‘°)
fa+ taeik(—b+c) tdeikc tde—ikb
0 tde—ikc [deik(—aw)
2t.coske — € tae ke rae’ke =0,
* A—¢ 0
* * A—¢

where ., t,, and f3 are transfer integrals (LUMO---LUMO
(intra-stack), LUMO---LUMO (inter-stack), LUMO:--d,,,
respectively), A is the energy difference between LUMO
and d,y, (A = £(d,,) —e(LUMO)), and the symbol * expresses
complex conjugate.*® In the DMe-DCNQI salt, ¢, is negligible
and we can obtain the analytical solution
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&2 = 2t.coske,

A +2t.cosk [ A = 2tcoske >
E3456 = %ﬁi (&) +t§(4:i:\/5),

2

where

D=4+2[cosk(a—b—3c)+coska +cosk(a—b+4c)+cosk(b—4dc)
+cosk(b+3c)+cosk(a —2b+c)].

The energy band includes purely 1D pm bands (g, &)
which are doubly degenerate. The term A is an origin of the
3D dispersion and its contribution is governed by the pr-d in-
teraction #4. The calculated band structure and Fermi surface
are shown in Fig. 12. The Fermi surface (FS) is composed
of two types of sheets (FS1 and FS2) and a connected “arm”
with 3D character (FS3). FS1 has a purely pm character,
which is consistent with the CDW instability of the group II
and Il salts. FS2 is also associated with the pm band, but
is warped due to the prn-d interaction. FS2 touches FS3 at
points designated Q.

This calculation well explains the result of the de Haas-van
Alphen (dHvA) experiments for the DMe-salt.®* The dHvA
measurements were carried out by a standard field modula-
tion technique. Seven different low-frequency ( < 3000 T)
oscillations with heavy cyclotron masses (3.0—6.5m, where
m, is free-electron mass) are observed. The dHVA frequency
is proportional to the area of a maximal or minimal cross-
section of the Fermi surface normal to the magnetic field.
The calculated angular dependences for closed orbits on FS3
are in good agreement with those for all the low-frequency
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Fig. 12. Calculated band structure, density of states (DOS),

and Fermi surface of (DMe-DCNQI),Cu. Dotted line in
DOS indicates contribution from the Cu dxy component.
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oscillations. For the magnetic field higher than 3000 T, many
oscillations are detected when the magnetic field is parallel
to the ab plane. These high-frequency oscillations can be ex-
plained in terms of the cyclotron orbits extending over FS2
and FS3 via the points Q, because FS2 and FS3 touch at the
points Q. This demonstrates a coexistence of the (quasi) 1D
and 3D Fermi surfaces.

Although recent Fermi surface studies on the two-dimen-
sional (2D) prt electron systems are confirming the availabil-
ity of the tight-binding band calculation for the description of
the electronic structure of molecular conductors, its limit of
application remains unclear. The above results indicate that
this method is applicable even to the pr-d hybridizing sys-
tem with complicated 3D character and warrant its wide use.
The first-principles calculations based on the local density
approximation (LDA) and the generalized gradient approx-
imation (GGA) on the density function theory have been
performed for the DMe-salt.® The Fermi surfaces obtained
by the first-principles calculations agree with the above-men-
tioned Fermi surfaces.

The density of states at the Fermi level is enhanced by
the mixing of pr and d orbitals and gives ca. 80% of the
observed value of the magnetic susceptibility. The calculated
band masses % g{: (A; the area of the closed orbit in the plane
normal to the magnetic field) associated with the small energy
dispersion well explain the heavy cyclotron masses observed
in the dHvA measurements. The mixing of pst and d orbitals
provides a very substantial contribution to the heavy cyclo-
tron masses observed.

As for the group III salt, much attention is paid to the reen-
trant metallic phase near the insulating phase because of the
possibility of electron mass enhancement. This possibility is
considered in connection with the strong electron—electron
correlation and/or the strong electron—phonon interaction,
since the steeply enhancement of the electronic specific heat
coefficient () near the insulating phase was reported in the
alloy system.” The dHVA effect is also observed in the reen-
trant metallic phase of the selectively deuterated DMe-salts
(=d[1,1;0] and —d4[1,1;2]).%° It was found that the reentrant
metallic phase has the same Fermi surface as that of the non-
deuterated system. The observed cyclotron masses are also
the same. Theoretical studies suggest the mass enhancement
due to the strong electron correlation or the strong elec-
tron-phonon interaction in the DMe-system. And this mass
enhancement would become remarkable near the insulating
phase. But, the results of the dHvA effect do not indicate
such a mass enhancement.

8-2. Pressure and Substitution Effects on the M-I
Transition.”  The substitution effect including the deu-
terium effect is equivalent to the pressure effect (in the low-
pressure region) and is considered to be “chemical” pres-
sure. Both effects should be related to a subtle change in the
crystal structure. Tables 1 and 2 show that the M-I transi-
tion temperature Ty for the group II salts and the critical
pressure Py for the group I salts are highly correlated to
the N-Cu-N coordination angle a. As shown in Fig. 8, the
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phase transitions in the DCNQI-Cu system are accompanied
by discontinuous changes of & value. All these facts indicate
that the electronic state of the DCNQI-Cu system is interre-
lated to the distortion of the coordination tetrahedron around
the Cu ion.

Since the local spin of Cu?* in the insulating phase indi-
cates the strong Coulomb interaction, the M-I transition in
the presence of the strongly correlated states has been stud-
ied theoretically.?’ The periodic Anderson model with the
electron—phonon interaction has been examined.®? The fact
that the M-I transition is triggered by the Peierls transition
has been shown by treating the on-site repulsive interaction
within the conventional Hartree-Fock approximation. In
the presence of the strong correlation, this Peierls transition
is accompanied by the Mott transition associated with the
Cu 3d-band, resulting in the localized magnetic moments.
By applying the slave-boson theory, the effect of the strong
correlation on the electronic state has been demonstrated
explicitly.5'4¢t

The lattice distortion in the insulating phase always ex-
hibits 3¢ periodicity. This is associated with the CDW for-
mation on the DCNQI column and the static charge ordering
at the Cu sites (---Cu*Cu*Cu?*--.) along the ¢ axis. Theoreti-
cal studies indicate that an interplay of the three-fold periodic
potential and the strong correlation leads to the first-order M-
I transition followed by the large hysteresis and the localized
spin. It should be noticed that the 3¢ periodicity is a special
point where both the CDW and the charge ordering possess
the same period.”® Such a situation yields a large energy gain
due to the commensurability between the pr- and d-systems.
Therefore, a deviation of the valence of Cu (DCNQI) from
+4/3 (=2/3) should require the redistribution of the charge
for the M-I transition and lower the transition temperature
Tyv-1-

The result of XPS study implies that the formal charge
of Cu in the metallic phase is slightly smaller than +4/3
and the amount of charge transfer from Cu to DCNQI in
the group II salt is larger than that in the type I salt. In the
doping effect on the (DMe-DCNQI-dy[3,3;11),Cu (group II),
the Zn?*-doping at the Cu site slightly raises T-, while the
Li*-doping lowers it. In the non-deuterated DMe-salt (group
I), the Zn?*-doping induces the weak reentrant behavior. On
the other hand, the Li*-doping does not affect the metallic
behavior except for the increase in the residual resistance.
These results suggest that the amount of charge transfer is
strongly correlated to Tyy.y.

The next step is to consider an interrelation between the
distortion of the coordination tetrahedron and the charge
transfer amount (therefore the valence of Cu). In the tetrahe-
dral coordination geometry with T; symmetry, the 3d levels
are split into #5¢ (dy, dy., d;x) and ¢ (d2, d,2—2) subgroups.
A distortion toward Dy, symmetry raises the d,, level in the
1>, set and lowers the d,. and d, levels. The highest-lying
d,, level is located near the Fermi level and interacts with
the pmt band. Therefore, the distortion associated with the
pressure or size effect induces small extra electron transfer
from Cu to DCNQI and increases the formal charge of Cu.
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The pressure and substitution effects on the M-I transition
are then summarized as follows:

(1) The valence of Cu in the metallic state is slightly
smaller than +4/3. This shift of the Cu valence from +4/3
stabilizes the metallic state.

(2) The application of pressure or the smaller substituent
enhances the distortion of the coordination tetrahedron.

(3) The distortion raises the highest-lying d,, level and
induces extra charge transfer from Cu to DCNQI.

(4) The valence state of Cu closer to +4/3 provokes the
first-order M-I transition triggered by the CDW formation in
the presence of the strong correlation.

The point is that the amount of charge transfer is an essen-
tial factor which governs the stability of the metallic state.

8-3. Higher-Pressure Metallic Phases and Related Phe-
nomena. As mentioned in the previous section, the first-
order M-I transition accompanied by the CDW formation on
the DCNQI columns and the static charge ordering at the Cu
sites is understood in terms of the amount of charge transfer,
which can be tuned by the effective pressure. In order to ex-
plain the higher-pressure metallic phases observed in some
DCNQI-Cu salts, however, we must consider another fac-
tor. The present data show that the higher-pressure metallic
phase appears in the salts which do not contain the methyl
or methoxy group(s), that is, the DI-, Brl-, and DBr-salts.
In the DMe-, DMeO-, MeBr-, Mel-salts, the higher-pressure
metallic phase has never been observed.

One possible parameter that we must consider would be
the inter-chain interaction."” One typical case is the DI-salt.
Compared with the DMe-salt, the DI-salt salts exhibit an
enhancement of the inter-stack LUMO---LUMO interaction
(ty). This is due to the very short I-- I distance and the contri-
bution of the iodine atom to the LUMO. The Fermi surface
of the DCNQI-Cu salt includes a pair of planar sheets asso-
ciated with the 1D LUMO band. When ¢, is negligible, this
1D band is doubly degenerate. This is the case, for example,
with the DMe-salt. The CDW formation that triggers the
M-I transition originates from the perfect nesting of this 1D
Fermi surface. If the 1, value is enhanced under pressure, the
degeneracy would be removed to generate two pairs of cor-
rugated sheets. In this case, the perfect nesting of the Fermi
surface becomes difficult. It is plausible that the best nesting
vector is no longer (0,0,¢*/3) and thus the CDW formation
is not coupled to the charge ordering at the Cu sites. Such
a situation would explain the resistivity peak followed by
the low-temperature metallic behavior for the DI-salt above
20 kbar. According to this picture, the enhancement of the
resistivity above 20 kbar is due to a simple CDW formation
with 2kpzc™® /3 and the 3D Fermi surface (and a part of the
corrugated sheets) survives down to the lowest temperature.
The low-temperature X-ray diffraction study under pressure
for the DI-salt, however, found no superlattice structure in
this pressure region.*® The X-ray structure analysis for the
DI-salt under 25 kbar at room temperature indicates that
the inter-column LUMO---LUMO interaction is almost un-
changed by applying pressure. These results seem to cast
doubt on the role of the inter-chain interaction.
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Table 4.  Electronic Specific Heat Coefficient y for (R;,Ro-
DCNQI);Cu (group I)

R1.R;-DCNQI ¥/ mJ K> mol ™!
DMeO-DCNQI 9
DI-DCNQI 70
Mel-DCNQI 30—40
BrI-DCNQI 50—60
DMe-DCNQI 25

Another possibility has been proposed theoretically on the
basis of the mean field calculations with the 3-chain and 6-
chain periodic Anderson models.** In this model, the pressure
effect is expressed as the upshift of the d,, level. Depending
on various parameters, such as nearest neighbor interactions
and inter-chain transfer integrals, the system undergoes the
following two types of successive phase transitions as a func-
tion of pressure both in the 3-chain and 6-chain models:

(A) Metal — Insulator (with the 3-fold periodicity) —
Insulator,

(B) Metal — Insulator (with the 3-fold periodicity) —

Metal — Insulator.
The nearest neighbor Coulomb interaction between Cu and
DCNQI (V) is the crucial parameter for the classification of
the types of transitions (A) and (B) noted above. When Vy/t.
(t.; DCNQI intra-chain transfer integral) is smaller than 0.8,
the system undergoes the type (B) transition. The higher-
pressure insulating phase is the Mott insulator with the an-
tiferromagnetic ordering in the chain direction. This model
well explains the high-pressure metallic phase followed by
the insulating phase. Although the relation between the sub-
stituents (R, Ry) and V) is not so clear, it may be possible
that the feature of LUMO in the iodine-containing DCNQIs
extending towards the I atom(s) reduces the Vy; value. How-
ever, it seems doubtful that this is also the case for the DBr-
salt.

For both explanations mentioned above, another model
should be introduced in order to understand the metallic state
at the highest pressure region. In any case, lack of crucial
experimental data hinders clear understanding of the high-
pressure electronic states.

9. Thermal Properties

9-1. Mass Enhancement.  The electronic specific heat
coefficient y is customarily discussed in terms of the effec-
tive mass of the conduction electron. The heavy electron
system found in the lanthanoid and actinoid compounds is
characterized by the enhancement of y and y values. In the
early stage of the research, a possibility of the “molecular
heavy electron” system was proposed on the basis of the pr-
d mixing state in the DCNQI-Cu salts.” Table 4 shows the
y values of the group I salts. The ¥ value of the DMeO-salt
is within range of those for typical organic conductors such
as (TMTSF),;Cl04 (7 = 10 mJ K~2 mol~').** The DMe-salt
shows a slightly enhanced y value at ambient pressure.® As
for the DMe-salt, a possibility of the mass enhancement in the
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reentrant metallic phase was intensively examined. As is the
case of the magnetic properties and the dHvA effect, how-
ever, the y value in the reentrant metallic phase of the selec-
tively deuterated DMe-salts is identical with that in the metal-
lic state of the non-deuterated DMe-salt and indicates no mass
enhancement due to the many body effect.®® On the other
hand, the iodine-containing group I salts exhibit rather large
y values.* Especially, the y value of the DI-salt is about three
times as large as that of the DMe-salt. In the heavy electron
system, the y value is related to the coefficient of the 72 term
in the resistivity (A) in terms of the Kadowaki—~Woods rela-
tion, A/y? = 1.0x10° uQ cmmol® K* mJ~2.% The y value
derived from this relation (71 mJ K—2 mol~!) is very close to
that obtained from the specific heat measurement. The theory
of the interacting Fermi liquid treats the relation between y
and the susceptibility at 0 K (xp) in terms of the Wilson ratio
Rw = (xo/2u43)/(3y/2n%k3) and experimental Ry values for
the heavy electron systems are distributed around 1.7 The
DI-salt gives the Wilson ratio close to 1 (Rw = 0.94). These
results suggest that the DI-salt is characterized as a Fermi
liquid system with enhanced mass and density of states. As
mentioned in Sect. 5-1, the effective pm-d hybridization is
expected to be reduced in the iodine-containing DCNQI-Cu
salts, in the framework of the spin fluctuation mechanism.
In other salts such as the DMe-salt, the prt-d hybridization is
so strong that the d electrons are merged into the conduction
band and well delocalized in the metallic state. On the other
hand, the enhanced y and y values in the iodine-contain-
ing salts suggest an interplay between the d-like electrons
and pr-electrons in the metallic state, so the heavy electron
picture may be still alive in this system.

9-2. Antiferromagnetic Transition. Thermal prop-
erties of the antiferromagnetic transition in the insulating
phase were investigated with use of the fully and selectively
deuterated DMe-salts (—dg, —d3[3,0;0]; group II) and the al-
loy [(DMe-DCNQI-h); _,(DMe-DCNQI-dg),1,Cu (x = 0.47;
group I).%® The specific heat of the —dg salt does not obey
the well-known C/T = y+fT ? rule. The excess specific heat
derived by the subtraction of the lattice contribution shows a
maximum around 6.8 K which is very close to Ty (Fig. 13).
A possible origin of this excess specific heat is the freedom
of the Cu?* spin system. The excess entropy calculated from
this excess specific heat is 1.8 Jmol~! K~!. The calculated
entropy on the assumption that one-third of the Cu atoms are
in the Cu* state, is (kgNa /3)In2=1.9 Jmol~! K~! (Na; the
Avogadro number, kg; Boltzmann constant), which is very
close to the experimental value. This spin entropy grows
from zero to 1.8 Jmol~! K~} across T, and stays constant
above 18 K. The —d3[3,0;0] salt, which is the group II salt
situated close to the boundary between the group II and group
IIT salts, exhibits the same specific heat behavior as the —dg
salt. This means that the spin entropy is independent of the
chemical pressure.

On the other hand, the reentrant metallic phase of the al-
loy [(DMe-DCNQI-h)g 53(DMe-DCNQI-dg)o.47]2Cu is very
close to the insulating phase in the phase diagram. When
the sample was cooled with the rate of | Kmin~!, an excess
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Fig. 13. Excess specific heat Ce, for the selective deuterated

DMe-salts subtracting the lattice contributions. Dotted and
dashed lines are Schottky models, Cex = Nkg(A /T)2(g0/g|)
exp(A /T)[1+(go/g1)exp(A /T)]?, where go =1 and g, =
2 are degeneracies of the ground and first excited states,
A [ky =20 [K] is the energy difference, and N = 4Na (for
dotted line) or 2N, (for dashed line).

specific heat with a peak at 6.8 K and a reduced y value were
observed. Annealing of the sample suppresses the excess
entropy and enhances the ¥ value. All these results indicate
that the insulating domain remains within the metallic region
in the case of rapid cooling and that the YT term comes only
from the metallic state and is not due to the freedom of the
Cu?* spins as observed in spin glass systems.

9-3. Reentrant Transition. It has been theoretically
proposed that the reentrant transition can be phenomenolog-
ically explained by a thermodynamic treatment of a first-
order transition, where only the contribution of the Cu®* spin
degrees of freedom in the insulating state and that of the con-
duction electrons in the metallic phase are considered.®'¢ For
the group Ill DMe-salts (—d5[1,1;0] and —d4[1,1;2]), specific
heat and latent heat were measured by thermal relaxation (0.5
K < T < 40 K), adiabatic pulse (20 K < T < 100 K) and dif-
ferential thermal analysis methods.***% In the metallic phase,
the conduction electron system has the entropy given as 7,
whereas the entropy due to the Cu®* spins given as (kgNa/3)
In2 above 18 K is important in the insulating phase. The
entropy difference AS between the metallic and insulating
phases has been determined experimentally and is expressed
as AS= y*T—S;, where y* = 40 mJmol~' K~! and §; =
(kgNa/3In2=1.9 Jmol~'K~!. This y* value is much
larger than the y value for the DMe-salt (25 mJmol ! K~1),
and thus there should be another factor which contributes to
the ¥*T behavior of AS. The lattice vibration is the most
plausible candidate, because the lattice specific heat in the
temperature region 20 K <7 < 100 K shows approximately
linear temperature dependence in both the metallic and insu-
lating phases.

The phenomenological theory is applicable, if y is re-
placed by y*.* Above 18 K, the difference of Gibbs free
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energies AG between the metallic and insulating phases is
expressed as,

AG = AG, — ;y*T2+SlT.

1

where y* =40 mJmol~! K~! and

S = (ksNa/3)In2 = 1.9 Jmol ' K.

All that occur below 18 K are included in the integration
constant AG,. This AG, is the only parameter which ex-
presses the difference of the compound and thus is related
to the effective pressure. The metallic state appears when
AG is negative, and the insulating phase appears when AG is
positive. The transition temperature is given by the equa-
tion AG=0. The behavior of the solution depends on
AG,. When AG, is largely negative (AG, < —Si/2y%),
there is no real solution and AG is always negative, which
means that the metallic state is stable over all the temper-
ature range. This corresponds to the group I salts. In
the condition of —8?/2y* <AG, <0, the equation gives
two real and positive solutions, and the system changes as
metal—insulator—metal with lowering temperature. This
behavior is just that of the group III salts. When AG, is pos-
itive, the equation gives one positive solution. The system
changes from metal to insulator at this temperature. This
behavior corresponds to that of the group II salts. Assum-
ing that AG, is a linear function of the effective pressure,
the phase diagram can be reproduced quite well. In conclu-
sion, the reentrant transition is a result of the competition
between two temperature-dependent terms in the free en-
ergy. One comes from the Cu®* spin system in the insulation
phase, whereas the other comes from the conduction elec-
trons in the metallic phase and the lattice vibrations. The
difference in the temperature dependence of these two terms
plays an essential role in the reentrant transition. The mi-
croscopic study of the strong correlation effect on the M-I
transition by use of the mean-field theory for the slave-boson
has demonstrated the reentrant transition and has explained
the pressure—temperature phase diagram.®'c

9-4. Schottky-Type Specific Heat Anomaly.”” The spe-
cific heat measurements for DMe-salts (group I; —d;[1,0;0].
group II; —d3[1,0;2], —d>[1,1;0], —d3[1,1;1], —d4[1,1;2]) with
partially deuterated methyl group(s) have revealed an ex-
traordinary excess specific heat (Fig. 13). In contrast to
the DMe-salts with non- or fully-deuterated methyl group(s)
(-h, —dg, and —d3[3,0;0}), the DMe-salts with ~CH,D group-
(s) show a Schottky-type giant peak. The excess specific heat
value classifies the selective deuterated salts into two groups.
In the first group (the —d,[1,1;0], —=d3[1,1;1], and —d4[1,1:2]
salts), the excess specific heat values are nearly equal to each
other and quite large ( > 20 Jmol~'K~'"), whereas in the
second group (the —d;[1,0;0] and —d3[1,0;2] salts) the max-
imum specific heat values are reduced to half of those for
the first group. This specific heat anomaly is ascribed to
the rotation of the deuterated methyl groups (~CH,D). The
'"HNMR study indicates that the methyl rotation needs the
excitation energy below ca. 70 K. The deuterium atom in
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the —CH,D group can take three different positions through
the quantum tunneling. It should be noticed that the first
group salts contain four -CH,D groups and the second group
salts contain two —CH;D groups within one formula unit
(DMe-DCNQI);Cu. Therefore, the calculated entropies are
S =4kgNaln3 = 36.4 Jmol~! K~!' for the first group and
2kgNaln3 =18.2 Jmol~! K~! for the second group, respec-
tively. The temperature dependences of the excess specific
heat can be explained on the assumption that the introduc-
tion of the D atom leads to the ground state split into three
levels and excitations among these levels give rise to the
Schottky like specific heat anomaly. It should be added that
the specific heat for the —d4[2,2;0] and —d,[2,0;0] salts which
contain the -CHD, group instead of the -CH,D group cannot
be explained in terms of the Schottky-type anomaly.”" The
reason is an open question.

10. Conclusion

Development of molecular conductors for the last two
decades has proceeded on two major trends:

(1) From “one-dimensional” to “higher-dimensional”

(2) From “single component” to “multi component”.””

At first, the molecular metal was the 1D metal. KCP and
TTF-TCNQ are typical examples. The 1D metal cannot re-
tain the metallic state down the low-temperature region due to
the instability of the planar Fermi surface. Therefore, much
effort to increase the dimensionality of the electronic struc-
ture has been made by means of chemical modification. The
first organic superconducting system, (TMTSF),X, forms a
quasi-1D system as a result of the introduction of Se atoms
into the TTF moiety. The BEDT-TTF salts, the second-gen-
eration organic superconductors, have gained various types
of strong 2D characters through the six-membered hetero-
rings joined to the TTF moiety. And, the DCNQI-Cu salt is
the first molecular conductor with the 3D Fermi surface. This
3D nature is brought about by the tetrahedral coordination
geometry around the Cu ion and the pm-d mixing, which was
never observed in the conventional molecular conductors.

From another point of view, molecular conductors at the
first stage were classified into a “single component” system
where only one degree of freedom governs transport proper-
ties. Recently, however, an increasing number of interesting
systems which have “two” bands with different characters
near the Fermi level, or where itinerant pr electrons inter-
act with localized d spins, have been reported. Such “multi
component” systems exhibit interesting physical properties
derived from an interplay of various components. The DC-
NQI-Cu system where the pr electrons coexist with itinerant
d electrons is a typical example.

As shown in the present account, the DCNQI-Cu salts have
played an important role in both trends. The DCNQI-Cu salts
show a variety of physical properties: the CDW, the Mott
transition, the mixed-valence state, the pressure-induced M-I
transition, the reentrant transition, the 3D Fermi surface, the
anomalous isotope effects, the antiferromagnetic transition,
the weak ferromagnetisim, the mass enhancement, and the
Schottky-type specific heat anomaly. It is surprising that al-
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most all of them are exquisitely stage-managed phenomena
played out by a couple of prt and d electrons. The simplicity
and variety observed in the DCNQI-Cu system demonstrate
a prominent feature of the molecular conductor. Finally, it
should be emphasized that there still remain many unsettled
problems in this system. They include the origin of the high-
pressure metallic phase, details of the three-fold superstruc-
ture in the insulating phase, specific heat anomaly in the
selectively deuterated DMe-salts, origin of the heavy atom
isotope effect, and the mechanism of mass enhancement in
the iodine-containing salts.
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