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SOLID STATE PROPERTIES OF CHARGE TRANSFER COMPLEXES OF 
TTF DERIVATIVES WITH 3D-TRANSITION METAL HALIDES 

TOSHIAKI ENOKI, JUN-ICHI YAMAUF$A, NORIYUKI SUGIYASU, 
KAZUYA SUZUKI, AND GUN21 SAITO 
Department of Chemistry, Tokyo Institute of Technology, 
Ookayama, Meguro-ku, Tokyo 152, Japan and *Department of 
Chemistry, Kyoto University, Sakyo-ku, Kyoto 606, Japan 

Abstract W e  investigated structure, electronic and magnetic 
properties of organic conductors with 3d-transition metal halide 
anions. The crystal structure investigat'on in (TTM-TTF)CuBr4 
shows a novel type of nonplanar TTM-TTF'+ structure. Suscep- 
tibilities obey the Curie's law, suggesting the absence of magnet- 
ic interactions between Cu2+ magnetic moments. (BEDT- 
TTF)&u2Br6 is a two-dimensional conductor with the mixed 
valence state of Cu2+/Cu+. A structural transition with a first 
order nature is found at  Tc=59K, which is related to  the defor- 
mation of CuBr 2- ligand. The application of pressure modifies 
the transition t o  a metal-semiconductor one. An antiferromag- 
netic long range order accompanied by a short range order is 
observed a t  T -7.5K. This suggests the presence of strong 
antiferromagneHc interactions achieved by the coupling between 
Cu2+ localized moments and donor R -electrons. 

INTRODUCTION 

Organic donors belonging to the TTF family give conducting charge 

transfer complexes with many kinds of anions, leading to organic 

metals and superconductors, where the R -electronic systems play an 
essential role in transport properties.' Among these charge transfer 

complexes, complexes with 3d-transition metal anions provide interest- 

ing solid state properties with the coexistence of electron transport 
behaviors and magnetism. Namely, the R-electrons on the donors 
work as conducting carriers, while localized magnetic moments of 3d- 
transition metal ions contribute to magnetism. Interactions between 

R -electrons and 3d-transition metal localized spins ( R -d interaction) 

will give novel organic magnetic conductors, which will be candidates 
for organic analogues of ordinary magnetic metals with the s-d inter- 

actions. In the case of semiconductive organic materials, the z - d  in- 
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teraction is not effective to provide magnetic interactions. However, 
even in semiconductive materials, superexchange interactions through 
the K -electronic system of donor molecules will contribute to enhance 

magnetic interactions between localized magnetic moments of d-elec- 

trons, if there are shorter atomic contacts between a donor and a 

magnetic anion than the corresponding van der Waals distances. 
Therefore, the participation of the K-electrons gives a new type of 
organic magnets on the basis of molecular crystals. From this view 

point, we have been developing charge transfer complexes of BEDT- 

TTF ( bis-(ethy1enedithio)-tetrathiafulvalene ) and TTM-TTF ( tetra- 

(methy1thio)-tetrathiafulvalene ) with 3d-transition metal halide anions 

and investigating their transport and magnetic properties. In this 

paper, we present the experimental results on structures, electronic 
and magnetic properties for two complexes; (TTM-TTF)CuBr4 and 
(BEDT-TTF)&u2Br6. The latter was revealed to be a typical organic 

magnetic conductor where the K -d interactions play an important role 
to give the novel cooperation of transport and magnetic systems. 

EXPERIMENTAL RESULTS AND DISCUSSION 

(TTM-TTF)CuBr4 
The X-ray analysis of (TTM-TTF)CuBr4 gives a monoclinic structure 

C2/n with a=8.2816(8)A, b=17.777(1)AI c=16.0234(9)AI B =107.151(5)', 
V=2254.0(3)A3, 2=4, as shown in Fig.1. The valence states are found 

to be Cu2+ and TTM-TTF". A CuBr4'- anion has a distorted tetrahe- 

dral form. The shortest atomic distances between a donor and a 
CuBrq2- ion are estimated to be Br-C=3.48A and Br-S=3.507AI which are 
considerably smaller than the corresponding van der W a a l s  distances. 
These short atomic contacts bring about a linear inter-molecular 
network parallel to the a-axis. This might suggest the presence of 

possible superexchange paths via TTM-TTF donors between Cu2' ions. 

The structure of a TTM-TTF molecule deviates strongly from a planar 

one. The dihedral angle between two connected five-membered rings 
is 46', and the C-C bond between the two five-membered rings has a 
single bond nature with the length of 1.541(3)A. In general, the C-C 

bond distance is elongated towards the single bond distance as the 
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Fig.1.  Crys ta l  structure of ( TTM-TTF)CuBr4. 
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Fig.%. Temperature  dependence of ESR l inewidth  A Hpp, g-values 
and magnet i c  s u s c e p t i b i l i t i e s  x in (TTM-TTF)CuBr4, where the 
f i e l d  i s  a p p l i e d  parallel  to the b-axis. 

valence of TTM-TTF  increase^.^-^ T h e r e  have been reports2l3 on 
TTM-TTF complexes  h a v i n g  the TTM-TTF2+ valence state, (TTM- 

TTF)2+(Br3-)2 and (TTM-TTF)2+(A~C1,-),, w h e r e  a d e v i a t i o n  from a 
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planar structure is small and the C-C bond distance ranges 1.43A 
which is intermediate between the single and double bond distances. 
The present result suggests an anomalous molecular structure of TTM- 

TTF2', which strongly deviates from the TTM-TTF2' structure in 
ordinary charge transfer complexes. Conductivity measurements 
show semiconductive properties with ~ ~ ' 3 x 1 0  Qcm. The low con- 

ductivities are considered to be related to the ionic structure with 

complete charge transfer between TTM-TTF2' and CuBrq2- in the com- 
pound. Figure 2 shows temperature dependence of ESR spectra in 
the applied field parallel to the b-axis and magnetic susceptibilities. 

The ESR spectra have a single Lorentzian lineshape with the linewidth 
of AH=QOG and the g-value of gb=2.075 at room temperature, and are 
assigned to cu2+ ions. The g-value, gb, decreases linearly as t e m -  
perature is lowered, while the linewidth decreases by about 50% when 
temperature is lowered from room temperature to 4.2K. The decrease 
in the g-value demonstrates that the distortion of the B r  ligand from a 
tetrahedral symmetry is enhanced at low temperatures. The magnetic 

susceptibilities obey the Curie-Weiss law with a small negative Weiss 
constant 0 =-0.5K. Therefore, the magnitude of exchange interactions 

between Cu2+ magnetic moments is negligibly small although the crystal 
structure suggests the presence of inter-molecular interactions. 

11 

(BEDT-TTF)&u2Br6 
(BEDT-TTF)'Cu2Br6 has a two-dimensional arrangement of BEDT-TTF 

donors in the bc-plane, which forms a conducting sheet with n-elec- 
tron carriers.' In the conducting BEDT-TTF layer which is isolated 

by adjacent copper bromide anion layers, there coexist neutral BEDT- 

TTF and partially charged BEDT-TTFt3l4 with the ratio of 1:2. The 
extended Hackel band calculation suggests a metallic electronic struc- 
ture with a 1/4 filled conduction band for this compounds. In the 
anion layers, both CuBr4'- and CuBr2- ions are randomly distributed 
with the ratio of 1:l. Here, CuBrq2- has a planar structure with 
magnetic Cu2' (S=1/2), while CuBr2- with the monovalent state Cu' has 
a linear configuration. The mixed valence state of Cu2'/Cu' is fa- 
vorable for interactions between magnetic Cu2' moments and n -con- 

duction carriers. 

Resistivities show semiconductive behavior with p rt-4.1R cm and 
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Fig.3. Temperature dependence of resistivities p at several 
pressures for ( BEDT-TTF)&u2Br6. 

the activation energy Ea=0.07eV. Although the semiconductive proper- 
ties contradict the metallic state predicted by the band calculation, the 

highly conductive properties is suggestive of the electronic state 
which is situated in the vicinity of the metallic structure. This is 
demonstrated by the conductivity behaviors in high pressures. The 
application of pressure strongly enhances conductivities and the resis- 

tivity values are reduced by about 140 times a t  l2kbar. Temperature 

dependence of resistivities is shown in Fig.3 at several pressures. In 

ambient pressure, a phase transition takes place at Tc=59K, as indicat- 

ed as an abrupt change in the resistivities in Fig.3. Applied pres- 

sure makes the transition temperature elevated, and Tc reaches 104K 

around Ilkbar, where the high temperature phase above Tc becomes 

metallic. 
Figure 4 shows temperature dependence of specific heats. An 

anomaly having a first order nature is  observed a t  Tc, where the 

magnitude of the anomalous part is about 10% of the total specific 
heat. In ambient pressure, ESR spectra assigned to Cu2+ are ob- 
served with the linewidth of AH-100G at room temperat~re. ' ,~ The 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

4:
01

 1
8 

Fe
br

ua
ry

 2
01

3 



330/[6!30] T. ENOKI ET AL. 

h 
v) 

24 

22 

20 

18 

24 

22 

20 

18 

16 

14 

12 

"30 40 50 60 70 80 90 

Fig.4. Temperature dependence of specific heats C for 
( BEDT-TTF)6CU2Br6. 

g-value has an abrupt change at Tc=59K, above and below which the 
g-values have a weak temperature dependence. A H  is almost inde- 

pendent of temperature above Tc, and, after i t  drops to 45G at Tc, it 
gradually decreases as the lowering of temperature. From the angu- 
lar dependence of the g-values, the phase transition is related to  the 

distortion of CuBrq2- from a planar to a tetrahedral ligand structure. 

In Fig5 is shown temperature dependence of spin susceptibilities 

obtained after the correction of the Pascal diamagnetic contribution. 

Above Tc, the magnetic susceptibilities obey the Curie-Weiss law with 
the Weiss temperature 0 =-140K, suggesting the presence of considera- 
bly large antiferromagnetic interactions acting between localized Cu2+ 
magnetic moments. The magnitudes of the magnetic susceptibilities 

are reduced by about a half at Tc, and below Tc, a broad peak ap- 

pears around 25K which is considered to be associated with a magnetic 

short range order. A possible explanation for the large decrease in 
the magnitudes of the magnetic susceptibilities at Tc is that the dis- 

tortion of CuBr12- ligand enhances antiferromagnetic interactions. 
Finally, we observe a small anomaly at T N = ~ . ~ K .  Taking into consider- 
ation the experimental results of the ESR study exhibiting the abrupt 
increases of the linewidth at TN,',* the anomaly at TN is proved to 
indicate the occurrence of a three dimensional magnetic long range 
ordering. A s  the anion layer forms a planar network of Cu ions with 

the number of nearest neighbors z=4, we employ the theoretical model 
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Fig.5 Temperature dependence of spin susceptibilities x for 
(BEDT-TTF)&u2Br6. The solid line denotes J=-17K. 

1 

H(k0e) 
Fig.6 Magnetization curves of ( BEDF-TTF)&u2Br6 at several 
temperatures. 

of a square planar two-dimensional Heisenberg antiferromagnet in 
order to analyze the behavior of the magnetic susceptibilities around 
the short range order hump.’ A best fitting to the observed suscep- 
tibilities gives the magnitude of the exchange interaction J=-17K. 

Figure 6 shows magnetization curves at several temperatures. A weak 
anomaly, which is about 1% of the total magnetic moment is observed at 
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FIGURE 1 Theoretical deformation densities for (a) CH3COO- and (b) HCOO- 
ions. The contour interval is 0.2 e A-3.  The negative contours are dotted, the 
zero contours chain-dotted. 

l2OO - 

1100 . 

1200- 

1000 - 

U 

FIGURE 2 The average -2J  value of [CU(RCOO)~ L]2 versus (a) the 2 p ,  electron 
population of the central C atom and (b)  the diagonal part of 2p,(C) in the 
symmetric HOMO. (a)-(i) stand for R=CH3, H, SiMe3, CC13, CHC12, CH2Cl, 
CF3, CH2CH3, CMe3, respectively. 
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(BEDT-TTF)gCUgBrg is a two-dimensional conductor with Z - 
conducting carriers. The anion layers consisting of CuBrg2- and 
CuBr2- have the mixed valence state Cu2+/Cu+. A structural phase 
transition is observed at  Tc=59K, which is  associated with the distor- 
tion of the CuBrq2- ligand from a planar to a tetrahedral structure. 
The application of pressure modifies the transition to be a metal-semi- 
conductor transition, accompanying the elevation of Tc. Magnetic 
susceptibilities obey the Curie-Weiss law with extremely large antifer- 
romagnetic interactions (0 =-140K ). The structural transition in- 
duces a reduction in the magnitude of the magnetic susceptibilities, 
suggesting the enhancement in the interactions. Below Tc, an anoma- 
ly related to a magnetic short range order is observed around 25K, 
which is explained with the two-dimensional Heisenberg antiferromag- 
net. A three dimensional antiferromagnetic long range order is found 
at T N = ~ . ~ K .  The strong antiferromagnetic interactions and the 
presence of the three dimensional magnetic ordering are considered to  
be achieved by the coupling between Cu2+ localized spins and z -  
conduction carriers of organic donors. This is the first example 
which shows that the 7r-d interactions bring about the cooperation of 
the transport system and the magnetic system in an organic conductor. 
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