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Systematic study of the electronic state inu-type BEDT-TTF organic conductors
by changing the electronic correlation
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The behavior of the phase transitions is mapped out as a function of the dihedral angle~u! or the transfer
integral (t) between donor columns foru-type BEDT-TTF@BEDT-TTF: bis~ethylenedithio!tetrathiafulvalene,
abbreviated as ET# salts involving the seriesu-(BEDT-TTF)2MM 8(SCN)4 @M5Tl,Rb,Cs,M 85Co,Zn: ab-
breviated asu-MM 8#, which we have recently prepared. The electronic correlation parameter (U/t) increases
by increasing the dihedral angle~u!. In the phase diagram ofu-ET salts the ground state varies from insulating,
to superconducting, to metallic with decreasingu, namely,U/t. The seriesu-MM 8 is located at the center of
the phase diagram where metallic, paramagnetic insulating, and singlet states are observed at low temperatures.
With applied pressure, the metal-insulator transition temperature rises because the dihedral angle increases,
which is related to the enhancement of the electronic correlation.@S0163-1829~98!03919-8#
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INTRODUCTION

It has been widely accepted that intermolecular over
integrals of HOMO of donor molecules, which are calculat
by the extended Huckel method, and band structure ca
lated using transfer integrals by assuming the tight-bind
model, are important tools for understanding the electro
states of organic conductors.1 Empirically the Fermi surface
~FS! has been determined by Shubnikov–de Haas, de Ha
van Alphen effects, and angular dependence of magnet
sistance oscillation~AMRO!,2 which is in agreement with
the calculated FS. However, the highly correlated system
the exception. Though the calculation gives on
or two-dimensional FS, some salts are magnetic insula
even at room temperature; for example,a8-ET2AuBr2

@ET5BEDT-TTF#,3~a! b8-ET2ICl2,
3~b! g8-ET2AuI2,

3~c! u-
ET4Hg3I8,

4~a! u-ET2Cu2~CN!@N~CN! 2] 2,4~b! u-ETAgBr3,4~c!

u-ETAgx(SCN)2 ,4~d! u-ETCd0.66~SCN!2,
4~e! and

u-ET2TlZn~SCN! 4.4~f! In particular,u-type BEDT-TTF salts
are mysterious, because they afford a wide variety of e
tronic states from insulators to a superconductor,u-ET2I3
with Tc53.6 K.5 Recently we have prepared the ser
u-(BEDT-TTF)2MM 8(SCN)4 @M5Tl,Rb,Cs,M 85Co,Zn#.
The crystal structure ofu-~BEDT-TTF!2RbZn~SCN!4 is
shown in Fig. 1. The thick anion sheet of 8.1 Å and t
donor layer stack alternately along theb axis @Fig. 1~a!# in
the anion sheet, Zn21, is coordinated by four N atoms o
NCS2 tetrahedrally and Rb1 is surrounded ionically by eigh
S atoms of SCN2 to construct a two-dimensional anion ne
work @Fig. 1~b!#. The BEDT-TTF molecules form theu-type
donor arrangement. The donor stacks regularly and the
culated transverse transfer integral (tp) is larger than the
stacking one (tc). The calculated FS is two-dimension
@Figs. 1~c! and 1~d!#. The metal-insulator transitions o
u-(BEDT-TTF)2MM 8(SCN)4 @M5Tl,Rb,Cs, M 85Co,Zn#
570163-1829/98/57~19!/12023~7!/$15.00
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have been observed between 20 and 250 K. Theu-MM 8
series is located between the insulating and metallicu
phases, filling a gap in the phase diagram and enabling u
understand the electronic states ofu-type BEDT-TTF salts
by a unified phase diagram as a function of electronic co
lation parameter,U/t.

In this paper, the electrical resistivity and thermoelect
power of u-RbM 8 @M 85Co,Zn# and a9-ET2K1.4~SCN!4,
magnetic properties ofu-MZn @M5Rb,Cs# measured by a
SQUID magnetometer, and pressure dependence of elec
resistivity are presented. In addition, the systematic cha
of the metal-insulator transition temperatures and the var
of the ground states are interpreted in view of a single ph

FIG. 1. ~a! Crystal structure,~b! anion arrangement,~c! band
structure,~d! donor arrangement ofu-~BEDT-TTF!2RbZn~SCN!4.
12 023 © 1998 The American Physical Society
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diagram whereU/t or the dihedral angle6~h! scales the prop-
erties.

EXPERIMENT

Single crystals were obtained by galvanostatic anodic o
dation of BEDT-TTF~30 mg! in a N2 atmosphere, using th
electrolyte asMSCN @M5Tl,Rb,Cs# ~220 mg!, M 8(SCN)2
@M 85Co,Zn# ~120 mg!, 18-crown-6 ether~205 mg! in 1,1,2-
trichloroethane~90 ml! and 10% vol. of ethanol~10 ml! at a
constant current of 0.5mA.

The electrical resistivity was measured by a conventio
four-probe method by applying a low ac current of 60 H
Gold wires ~Furuya Kinzoku, 25mmf! were attached to a
crystal with gold paste~Tokuriki Chemicals, No. 8560! as
electrodes. The resistivity under pressure was measure
using a pressure cell of clamp type with an oil~Daphne no.
7373! as a pressure medium. The pressure was determ
by measuring the resistance of a manganin wire at ro
temperature andTc of Sn at low temperature. Thermoelectr
power was measured by attaching a single crystal to
copper heat blocks with gold paint. The heat blocks w
alternately heated to generate a temperature gradient of a
60.5 K.

Magnetic susceptibility was measured by a SQUID m
netometer~Quantum Design Model MPMS7!. The core con-
tribution of components was subtracted by using Pasc
law.7

FIG. 2. Temperature dependence of~a! electrical resistivity and
~b! thermoelectric power foru-~BEDT-TTF!2MM 8~SCN!4 @M
5Tl,Rb,Cs,M 85Co,Zn# anda9-~BEDT-TTF!2K1.4Co~SCN!4.
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RESULTS AND DISCUSSION

Recently we have prepared newu-type BEDT-TTF salts,
u-ET2MM 8(SCN)4 @M5Tl,Rb,Cs, M 85Co,Zn: abbrevi-
ated asu-MM 8#,4~e!,4~f!,6 which undergo metal-insulator tran
sitions at 250 K~u-TlCo!, 190 K ~u-RbM 8; M 85Co,Zn!,
and 20 K~u-CsM 8; M 85Co,Zn!,4~e!,4~f!,6~a!–6~d! respectively,
as shown in Fig. 2~a!. The metal-insulator transition tem
perature strongly depends uponM , where the smallerM salt
gives rise to the higher transition temperature. We shall
this behavior the chemical pressure effect.

Figure 2~b! shows the temperature dependence of therm
electric power. The values at room temperature ofu-RbM 8
@M 85Co,Zn# are about123 and 42mV/K, which are a little
higher than those ofu-CsM 8 @M 85Co,Zn#, 119 and
16mV/K.6~e! The positive value indicates that the carriers a
holes and the larger value shows the higher electronic co
lation in u-RbM 8 @M 85Co,Zn# compared withu-CsM 8
@M 85Co,Zn#. With lowering temperature, thermopower o
u-RbM 8 @M 85Co,Zn# decreases gradually with aT linear
dependence, suggesting normal metal behavior. At the m
insulator transition temperature, 190 K, thermopower ofu-
RbZn drops suddenly and that ofu-RbCo decreases gradu
ally with crossing zero, which is in good agreement with t
resistivity measurement. The thermopower ofa9-KCo at
room temperature is130mV, decreases linearly to 140 K
and diverges to the negative region, which is consistent w
the metal-insulator transition at 130 K of the resistivity me
surement.

In order to investigate the origin of the metal-insulat

FIG. 3. Temperature dependence of magnetic susceptib
for ~a! u-~BEDT-TTF!2CsZn~SCN!4 and ~b! u-~BEDT-
TTF!2RbZn~SCN!4.
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FIG. 4. Temperature dependence of electrical resistivity under pressure foru-~BEDT-TTF!2MM 8~SCN!4 @MM 85~a! RbCo,~b! RbZn,
~c! CsCo, and~d! CsZn#.
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transition, the magnetic susceptibility measurements w
carried out by a SQUID magnetometer with using the uno
ented powder sample. The susceptibility at room tempera
for u-CsZn is 3.331024 emu mol21, which is the typical
value of Pauli paramagnetism of an organic conductor:
example, 4.631024 emu mol21 in k-ET2Cu~NCS!2.

8 The
susceptibility is almost constant down to 20 K and bel
that temperature a Curie-tail contribution is observed, so
origin of the metal-insulator transition at 20 K is not cle
@Fig. 3~a!#. On the other hand, the susceptibility ofu-RbZn,
from which a Curie-tail contribution has been subtracted
shown in Fig. 3~b!. The broken line is the calculated susce
tibility based upon the one-dimensional Heisenberg anti
romagnet~Bonner-Fisher model9! with J52157 K and the
solid line is that on the two-dimensional quadratic-lay
Heisenberg antiferromagnet10 with J52100 K. In both
cases, the measured susceptibility is smaller than the mo
from room temperature to 190 K, the metal-insulator tran
tion temperature, suggesting that electrons are less loca
in this temperature region. The crystal structure analy
shows that the room-temperature regular stacking of don
undergoes a lattice modulation at 190 K, where the sud
appearance ofc* /2 is observed.4~f! Then, the carriers are lo
cated below 190 K. This structural transition induces
abrupt change of magnetic susceptibility, which indica
that the system is highly correlated even above the trans
temperature. Below 190 K the measured susceptibility
lows the Heisenberg model down to 50 K. With lowerin
temperature further, susceptibility decreases rapidly, wh
the behavior can be fitted by the singlet-triplet model w
J5245 K at lower temperatures, indicating that the sp
singlet state is realized. Recently the long-range-order-
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spin Peierls state has been observed by NM
measurement.6~i!

In order to suppress this metal-insulator transition, an
ternal pressure is applied in this system. The tempera
dependence of resistance at various pressures is illustrat
Figs. 4~a!–4~d! for u-RbCo, u-RbZn, u-CsCo, andu-CsZn,
respectively. The metal-insulator transition temperatur
corresponding to the rapid increase or the kink in the te
perature dependence, are elevated with applying pressur
these salts, so we shall call this phenomenon a press
induced metal-insulator transition. A phase diagram un
external pressure is shown in Fig. 5. Though the press
dependence ofu-RbZn ~or u-CsZn! is a little smaller than
that ofu-RbCo~or u-CsCo!, four salts have almost the sam
pressure dependence. This inverse pressure dependen
observed not only~i! when external pressure but also~ii !
when chemical pressure is applied or~iii ! when temperature

FIG. 5. Phase diagram of metal-insulator transition tempera
under pressure.
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TABLE I. The lattice parameters, dihedral angle, unit cell ratio, transfer integral in the transverse
tion (tp), and calculated bandwidth ofu-ET2MM 8(SCN)4 @M5Tl,Rb,Cs,M 85Zn,Co#.

u-~ET!2TlCo~SCN!4

u-~ET!2RbCo~SCN!4

~300 K!
u-~ET!2RbCo~SCN!4

~7 K!

system orthorhombic orthorhombic monoclinic
space group I222 I222 C2
a/Å 10.393~7! 10.176~6! 43.31~1!

b/Å 43.16~1! 43.258~4! 10.311~2!

c/Å 4.50~1! 4.650~5! 8.905~3!

a/deg 90 90 90
b/deg 90 90 95.81~2!

g/deg 90 90 90
V/Å 3 2017~5! 2047~2! 3955~1!

dihedral angle/deg 116 111 114
unit cell ratio a/c 2.31 2.19

unit cell ratiob/(c/2) 2.32
transfer integral in the

transverse direction/31022 eV 210.0 29.9 8.2–14.4
bandwidth/eV 0.82 0.82 0.90
reference 4f 4f,6b 4f

u-~ET!2RbZn~SCN!4 u-~ET!2CsCo~SCN!4 u-~ET!2CsZn~SCN!4

system orthorhombic orthorhombic orthorhombic
space group I222 I222 I222
a/Å 10.175~9! 9.804~4! 9.816~4!

b/Å 43.301~9! 43.416~3! 43.443~5!

c/Å 4.65~1! 4.873~4! 4.870~4!

a/deg 90 90 90
b/deg 90 90 90
g/deg 90 90 90
V/Å 3 2047~5! 2074~3! 2077~2!

dihedral angle/deg 111 104 105
unit cell ratio a/c 2.19 2.01 2.02
transfer integral in the

transverse direction/31022 eV 29.4 210.6 210.8
bandwidth/eV 0.78 0.86 0.88
reference 4f,6b 4e,6a 4e,6a
n
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r

f
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hen
tion

20
is lowered. When the chemical pressure is applied by cha
ing the cation like Cs1 @2077(2) Å3 ~u-CsZn! and 2074~3!
(u-CsCo)].Rb1 @2047~5! ~u-RbZn! and 2047~2!
(u-RbCo)].Tl1 @2017~5! ~u-TlCo!#, the metal-insulator
transition temperature increases like 20,190,250 K. At the
same time, thec axis contracts like 4.870~4! Å ~u-CsZn! and
4.873~4! (u-CsCo).4.65(1) ~u-RbZn! and 4.650~5!
(u-RbCo).4.50(1) ~u-TlCo!, while thea axis expands like
9.816~4! Å ~u-CsZn! and 9.804~4! (u-CsCo),10.175(9)~u-
RbZn! and 10.176~6! (u-RbCo),10.393(7) ~u-TlCo!
~Table I, Fig. 6!. This chemical pressure behavior is sch
matically illustrated in Fig. 7. Changing from~a! to ~b! by
applying pressure,c decreases anda increases, resulting in
increasing the dihedral angle between donor columns
105° ~u-CsZn! and 104° (u-CsCo),111 ~u-RbZn! and 111
(u-RbCo),116 ~u-TlCo! and the unit cell ratio, a/c, like
2.02 ~u-CsZn! and 2.01 (u-CsCo),2.19 ~u-RbZn! and 2.19
(u-RbCo),2.31~u-TlCo!. Moreover, the calculated transfe
integral in the transverse direction (tp), which determines
g-

-

e

the bandwidth (W) in this system, decreases likeutpu510.8
(31022 eV) ~u-CsZn! and 10.6 (u-CsCo).9.4 ~u-RbZn!
and 9.9 (u-RbCo);10.0 ~u-TlCo!. In the u-type salts the
intracolumnar interactiontc is much smaller thantp , so the
overall bandwidth W is principally determined bytp .
Then, W decreases likeW50.88 ~eV! ~u-CsZn! and 0.86
(u-CsCo).0.78 ~u-RbZn! and 0.82 (u-RbCo);0.82 ~u-
TlCo! ~Table I, Fig. 6!. SinceU is the characteristic value o
the donor molecule and is all the same in theu-type BEDT-
TTF salts, the electronic correlation parameter,U/t, in-
creases with decreasing transfer integral (t) or with increas-
ing dihedral angle of donors and makes the metal-insula
~MI ! transition temperature (TMI) higher. This is why the
pressure-induced metal-insulator transition occurs w
chemical pressure is applied. Strictly speaking, the transi
of u-CsM 8 is different from those ofu-RbM 8 andu-TlCo.
Though the unit cell volume decreases fromu-CsM 8,
u-RbM 8, to u-TlCo with regular intervals of about 30 Å3,
the metal-insulator transition temperature is elevated from
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K (u-CsM 8), 190 K (u-RbM 8), to 250 K ~u-TlCo!; the
increases are not equivalent. The transitions ofu-RbM 8 and
u-TlCo are related to the lattice modulation at the transit
temperature. Investigations of temperature dependence o
lattice constants show that the dihedral angle and the
cell ratio for u-RbM 8 increase abruptly at the transition
leading to a sudden increase of electronic correlation at
temperature.4~f! By lowering temperature as well as chemic
pressure, the dihedral angle and the unit cell ratio foru-RbCo
increase from 111°, 2.19~300 K! to 114°, 2.32~7 K! as
shown in Table I. When the bandwidth is reduced in co
parison with the on-site Coulomb repulsion by decreas
temperature, the metal-insulator transition is induced. T
same behavior happens when the external pressure is
plied.

The phase diagram foru-type BEDT-TTF salts is shown
in Fig. 8, where the observed transition temperature is p
ted as a function of the dihedral angle of donor columnsu,
and the calculated transfer integral,t.11 As discussed above
an increase of the dihedral angle,u, leads to a significan
decrease of transfer integral in the transverse directiont,
that is to say, an increase ofU/t. On the right end of the
phase diagram the superconducting phase,u-ET2I3,

5 exists,
while on the left end, insulators are present such
u-ET4Hg3I8,

4~a! ET2Cu2~CN!@N~CN!2#2,
4~b! ETAgBr3,

4~c!

FIG. 6. Dihedral angle dependence of the unit cell volume (V),
the c-axis ~c!, the a-axis ~a!, the unit cell ratio~a/c!, the transfer
integral along the transverse direction (tp), and the metal-insulato
transition temperature (TMI) for u-~BEDT-TTF!2MM 8~SCN!4

@MM 85CsCo, CsZn, RbCo, RbZn, and TlCo#.

FIG. 7. Scheme for pressure effect of donors
u-~BEDT-TTF!2MM 8~SCN!4 @M5Rb,Cs,M 85Co,Zn#.
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ETAgx(SCN)2 ,4~d! and ETCd0.66~SCN!2.
4~e! The first two

u-ET salts have been confirmed to be paramagnetic ins
tors. We have prepared the seriesu-MM 8 @M5Tl,Rb,Cs,
M 85Co,Zn#, which is located between the superconducti
and insulating phases. Foru-RbM 8 @M 85Co,Zn#, they are
in a metallic phase at room temperature, below 190 K th
lose the metallic character to become a paramagnetic ins
tor, and the singlet state is observed at low temperatures

Nakamuraet al. reported that the temperature dependen
of the magnetic susceptibility foru-RbM 8 (M 85Co,Zn)
strongly depends upon the cooling speed.6~g! With cooling a
sample slowly~0.8 K/min!, magnetic susceptibility follows
the Heisenberg model below the metal-insulator transit
temperature, 190 K, and decreases rapidly as fitted b
single-triplet model with J5245 K below 40 K @Fig.
3~b!#.6~c! In addition, the Curie-tail contribution is observe
at low temperatures. By cooling a sample more rapidly~10
K/min!, the Curie-tail contribution increases, and in the rap
cooling condition the magnetic susceptibility follows th
Curie-Weiss law at low temperatures without a sudden
crease below 40 K. Since the complete lattice modulatio
not performed in the rapid cooling condition, the singlet st
cannot be obtained at low temperatures. Therefore,

FIG. 8. Phase diagram foru-type BEDT-TTF salts as a function
of a transfer integral in the transverse direction (t) and a dihedral
angle of donor columns~u!.
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metal-insulator transition temperature is lowered in the ra
cooling condition due to the imperfect lattice modulatio
and then the ground state might be different from that in
slow cooling condition. In the NMR measurement ofu-RbZn
in the rapid cooling condition, the sudden increase ofT1

21,
suggesting the antiferromagnetic fluctuation, has been
served at 50 K, whose behavior resembles that ofu-CsZn at
20 K. This observation makes us assume that the me
insulator transition ofu-CsZn at 20 K should not be directl
related to that ofu-RbZn at 190 K in nature, but rather re
lated to the magnetic anomaly ofu-RbZn at 50 K under the
rapid cooling condition. Thus, the dotted line in the rap
cooling condition as shown in Fig. 8 is connected from 50
of u-RbZn to 20 K ofu-CsZn.6~g! Moreover, the mixed crys-
tal of u-~Rb1Cs!Zn is recently prepared and the prelimina
result indicates that the metal-insulator transition tempe
ture is on the dotted line owing to the failure of lattice mod
lation. The transition depicted by the dotted line witho
structural transition seems to be mainly driven by the intr
sic electronic correlation, while the transition illustrated a
solid line is related to the lattice modulation, which induc
the electronic correlated state. In the extension of the s
and dotted lines, there exists a superconducting state in
u-ET phase diagram. Further study will be reported in
separate paper.12

Finally, we describe a noticeable point in the phase d
gram. As shown in Fig. 8, the behavior of the phase tran
tions in theu-ET family is mapped out as a function of th
electronic correlation parameter,U/t. This behavior is simi-
lar to that of thek-ET family, which are two-dimensiona
organic conductors. In thek-phase diagram, four phases—
paramagnetic metal, paramagnetic insulator, supercondu
and antiferromagnetic insulator—exist and their electro
states are also scaled by the electronic correlation param
U/W, whereU is the effective on-site Coulomb energy an
W is the bandwidth.13 The metal-nonmetal transition in thek
phase is driven by electronic correlation, whereas the tra
tion in theu phase is related to not only the electronic co
relation in nature, but also the lattice modulation; the str
tural transition occurs, resulting in the localized spin bel
the transition temperature constructing the electronic co
lated state, namely, the paramagnetic insulator. The gro
o
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states of the paramagnetic insulators could be
antiferromagnetic-state-likek-ET family or the spin-Peierls
state like TMTTF family. The ground states in theu-ET
family seem to depend upon cooling speed. In the slow co
ing, the behavior of magnetic susceptibility indicates the
existence of the Curie contribution and the term fitted by
singlet-triplet model below 50 K, suggesting that the grou
state is the spin-Peierls state. In the rapid cooling condit
only the Curie contribution is observed and the ground s
might be the antiferromagnetic state. It is important to inv
tigate the ground states of paramagnetic insulators in
vicinity of the superconducting state in theu-ET family.

In conclusion, the behavior of the phase transition
mapped out for u-BEDT-TTF salts including
u-(BEDT-TTF)2MM 8(SCN)4 @M5Tl,Rb,Cs,M 85Co,Zn#,
which we have recently prepared, as a function of dihed
angle,u, or transfer integral,t, between donor columns. Th
electronic correlation parameter (U/t) increases by increas
ing a dihedral angle,u. The ground state ofu-BEDT-TTF
salts varies from insulating, superconducting, to meta
state with decreasingu, namely,U/t. The seriesu-MM 8 is
located at the center of the phase diagram where meta
paramagnetic insulating, and singlet states are obtaine
low temperatures. The change of electronic state in the
crease ofu, in other words,U/t, is observed not only by the
chemical pressure effect fromu-CsM 8, u-RbM 8, to u-TlCo
and the decrease of temperature, but also by the exte
pressure. With applying pressure foru-MM 8, the metal-
insulator transition temperature increases, which is relate
the enhancement of the electronic correlation. It is import
to investigate the ground state of the paramagnetic insul
of u-ET2MM 8(SCN)4 @M5Tl,Rb,Cs, M 85Co,Zn# in the
vicinity of an organic superconducting state.
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