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Order and Low Dimensionality in the Or~anic 
Superconductor (BEDT-TTF),CU(NCS), 

Revealed by STM 

R. Fainchtein,* S. T. D'Arcangelis, S. S. Yang, D. 0. Cowan 
Single-crystal samples of [(BEDT-lTF),]+[Cu(NCS),]- were synthesized and studied with 
a scanning tunneling microscope (STM). Real-space images of the anion and cation 
surfaces with molecular resolution were obtained. The images show no evidence of 
structural disorder or stacking faults previously suggested. The presence of an additional 
modulation commensurate with the lattice provides evidence of a lattice distortion. The 
cause of this modulation is unknown. The presence of a charge density wave in the material 
would have implications on the dimensionality of the material that may explain the peculiar 
temperature dependence of the electrical conductivity. This interpretation is consistent with 
the calculated Fermi surface, which allows nesting of the wave vector. 

T h e  recent progress in the race to increase 
the superconducting transition temperature 
(T,) in organic materials has been motivat- 
ed by the discovery of the superconducting 
properties of the K-phase (BEDT-TTF) (or 
ET) compounds. Since the synthesis in 
1990 (1) of K-phase di[bis(ethylenedithio- 
lo) tetrathiafulvalene] copper (I) bis (isothio- 
cyanate), K-[(ET)~]  + [CU(NCS)~]- ,  which 
exhibits a T, = 10.4 K in dc resistance 
measurements, a new series of K-phase com- 
pounds has been synthesized with T, values 
in excess of 1 1 K (2). 

The x-ray studies of K-[(ET)~]+-  
[Cu(NCS) , I -  (1, 3) have revealed a struc- 
ture formed by the interstacking of planes of 
standing ET molecules that form dimers in 
a two-dimensional (2-D) network arrange- 
ment, together with planes formed by 
[CU(NCS)~]  polymer chains located be- 
tween the ET planes (see Fig. 1). These 
structural studies have opened up discus- 
sions on the role and position of the 
[Cu(NCS),] counteranions within the 
plane. The presence of positional disorder 
and a stacking fault in the direction of the 
b axis every four unit cells have been 
proposed (4). These structural models to- 
gether with the idea of a diminished role in 
the electrical conductivity played by the 
anions (as insulating spacers between the 
ET conduction planes) have been used to 
explain the behavior of these K-phase ma- 
terials. 

The electrical transport properties of the 
K-phase ET compounds display a peculiar 
temperature behavior that is not yet fully 
understood. The temperature dependence 
of the electrical resistivity of the material 
reveals the existence of three regimes: (i) a 
metallic regime (decrease of resistance with 
temperature) from room temperature to 240 
K;  (ii) an activated or "semiconducting" 
regime (increase of resistance with temper- 
ature) from 240 to 90 K;  and (iii) another 
metallic regime from 90 to 10.8 K before 
the compound finally makes the transition 
to a superconductor with a mid-range T, of 
10.4 K (5). 

In this study a scanning tunneling mi- 
croscope (STM) was used in an effort to 
resolve the structural uncertainties and pro- 
vide insight into the role of the anions in 
the conductivity of the material. The re- 
sults may also suggest a possible explanation 
for the peculiar temperature dependence of 
the electrical resistivity in this material. 

Samples of K-[(ET) ?]  + [Cu (NCS) , I -  
were prepared by standard electrochemical 
methods (5). Four-probe dc resistance mea- 
surements were made on single crystals from 
room temperature to liquid helium temper- 
ature. 

STM images of K-[(ET) ?]  + [Cu(NCS) 2] - 

were taken in air at room temperature. The 
measurements were made with a commer- 
cial STM (6) operated under either stan- 
dard constant-current or constant-height 
conditions (7). No apparent differences in - - 

R Falnchteln. Appiled Physics Laboratory, Johns the images were observed in the two modes 
Hopkins Un~vers~ty, Laurel, MD 20723 
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were made with positive and negative tip 
bias voltages (V,,) within 2200 mV. No 
apparent differences were observed as a 
consequence of changes in the tip bias 
within the specified range. Tunneling resis- 
tances were kept at or above lo7 ohms. The 
images were not manipulated except for a 
background plane subtraction. We used Pt 
tips with 20% Ir (8). The top flat phase of 
the flake-shaped crystals was imaged in all 
cases. STM scans ranged in size from 30 by 
30 A to 700 by 700 A. Images of the surface 
of two different crystals are presented. 

Figure 2A is a 67 by 67 A STM image of 
the bc plane. The superimposed drawing in 
Fig. 2B corresponds to the unit cell and the 
structure of the rings that form the upper 
extremes of the ET cations closer to the 
anion plane. Because the tunneling current 
is extremely distancedependent, only the 
atoms close to the surface make a significant 
contribution to the image; therefore, only 
the extreme rings of the ET molecule will 
be observed in this plane (9). The model 
was first scaled to the dimensions of the 
image and then translated. and rotated to 
find the best match; the shape and distances 
of and within the unit cell were preserved. 
The unit cell is repeated 3 x 3 times, and 
the aereement with the imaee is excellent. 
The image was taken in a constant-height 
mode, which means that the bright inten- 
sity spots correspond to locations of high 
tunneling current. The resolution obtained 
is only good to show the position of the ET 
molecules within the surface. 

Figure 3A is a 70 by 70 A STM image of 
the bc plane. The superimposed drawing in 
Fig. 3B corresponds to the structure of the 
anions as determined by x-ray dihction 
(3), scaled and rotated to find the best 
match. The unit cell is once again repeated 
3 x 3 times, and the agreement with the 
image is excellent. Long-range distortions 

Fig. 1. The crystal structure of K-[(BEDT- 
'TTF),] +[Cu(NCS),I-. 

may be due to thermal drift between the 
STM and the sample, caused by differences 
in thermal expansion. The center of the 
Y-shaped repeated structure corresponds to 
the position of the Cu atom connected on 
one end to the S atom of the preceding unit 
and to two NCS atom sequences at the Y 
branches. An important feature is the dif- 
ference in intensities of adjacent Cu-S 
bonds in the STM image. This difference in 
intensities identifies, within the resolution 
provided by the images, an additional mod- 
ulation commensurate with the lattice with 
b and c periods. Because this image was 
taken in a constant-current mode, the 
bright intensity spots correspond to pbsi- 
tions where the tip had to pull away from 
the surface to maintain a constant current. 

Larger STM scans of the same samples 
revealed regular structures like the ones 
shown and showed no evidence of position- 
al disorder. The images presented reveal the 
structure of the cations and anions. The 
imaging of the cations or anions is not 
junction bias-dependent for tip voltages 

Flg. 2. (A) STM image of a 67 by 67 A scan of 
the bc plane of the crystal K-[(BEDT- 
'TTF),]+[Cu(NCS),]-. (8) STM image with the 
molecular structure of the outer ring of the ET 
cations (9) projected onto the bc plane super- 
imposed (V,,, = -200 mV, i,, = 1 nA, con- 
stant-height mode). 
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within the range described; it is sample- 
dependent (these images were taken on two 
different crystals). The resulting STM im- 
age is determined by the way the particular 
crystal terminates and not by the tunneling 
conditions (tunneling current or bias volt- 
age settings) or the different modes of op- 
erating the STM (constant current or con- 
stant height). This means that images that 
reveal the cation structure were taken on a 
crystal in which the ET molecules formed 
the last layer, and similarly images that 
reveal the anion structure were taken on a 
crystal in which the Cu(NCS), polymeric 
chains formed the last layer. Both crystals 
were synthesized in the same batch. This 
implies that the appearance of one or the 
other element in the image is related to the 
way the crystal terminates. 

Of particular importance in this study 
are the high-resolution images of the anions 
(Fig. 3). The STM images provide direct 
evidence of the lack of disorder and struc- 
tural irregularities proposed by other studies 
(1, 4, 10). Because the STM is a surface 
probe of the local electron density of states 

Fig. 3. (A) STM image of a 70 by 70 A scan of 
the bc plane of the crystal K-[(BEDT- 
TTF),]+[Cu(NCS),]-. (8) STM image with the 
projection of the .molecular structure of the 
anions superimposed (V,,, = 50 mV, i,,, = 1 nA. 
constant-current mode). 
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near the Fermi level (1 I ) ,  the bright spots 
located above the Cu-S bonds in the anion 
images (Fig. 3) provide direct evidence of 
an additional modulation in the spatial de- 
~endence of the electron densitv of states. 
what  makes this result surprising is the fact 
that, although the environment of both Cu 
atoms that appear within the unit cell is the 
same (equivalent positions), only one of 
these S-Cu bonds appears highlighted in 
the STM images. The presence of an addi- 
tional modulation in the STM imaees is - 
indicative of a fluctuation in the atomic 
arraneement of the unit cell. The nature of " 

this modulation is unknown. Other exper- 
imental results that may suggest a possible 
interpretation are examined below. 

Analysis (12) of the Shubnikovde Hass 
effect on K-[ET]+ [Cu(NCS) - (1 3) sug- 
gests that the anisotropy of the in-plane 
conductivity implies the existence of nested 
states in the Fermi surface and the presence 
of a charge density wave (CDW). The 
strongest manifestation of such structural 
anisotropy in the bc plane would come from 
the anions because the [(ET)?] dimers ar- 
range perpendicular to one another to form 
a 2-D network, and therefore an anisotropy 
in this plane would come from small struc- 
tural deviations of the 2-D pattern. The 
polymeric chains formed by the anions, on 
the other hand, provide a natural 1-D 
character to the structure and could indeed 
be res~onsible for the anisotro~v of the 

& .  

electrical conductivity in the bc plane. This 
would give the anions a more important - 
role in the normal conductivity of the 
material than previously thought. X-ray 
absorption fine structure results have cor- 
roborated this conclusion (14), which may 
be manifested in the fact that the anions are 
so well resolved in the STM images. If the 
anions were simply insulating spacers be- 
tween the ET conduction planes, they 
would not contribute to the densitv of states 
near the Fermi level and the images would 
be the result of fluctuations in the tunnel- 
ing barrier height. Because the anion imag- 
es reflect height corrugations on the order 
of 1 A, this would imply barrier height 
fluctuations of - 1 eV or more (depending 
on the tip to sample distance) over the 
[Cu(NCS),] atomic distances (1 5 ) .  

The existence of a CDW in the material 
would not be consistent with a modulation 
that has the same period as the undistorted 
lattice. We speculate that, if the additional 
modulation present in the anion images was 
due to the presence of a CDW commensu- 
rate with the lattice as observed in other 
low-dimensional organic systems (1 6), 
there should be an additional modulation 
(with longer period) that the current study 
does not resolve. 

The presence of a CDW in the material 
with an incommensurate to commensurate 

transition at 240 K would explain the open- presentation of the paper l~sted ~n (5) 

ing of a gap in the electron density of states 5 R Fa~nchte~n. S T D Arcangel~s. S S Yang. D 0 
Cowan. In Proceedings of the Fall Meetlng of the 

near the Fermi level and the transition in Materials Research Society Sympos~um on Elec- 
the resistance versus temperature to a tem- tncai Optical and Magnetic Propert~es of Organlc 

Sohd State Materials. Boston, MA, 2 to 6 Decem- perature-activated regime. As the tempera- ber 1991 (Materlals Research Soc~ety, Pittsburgh. 
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bara CA c direction and an expansion in the a Falnchteln and Murphy, Sci 
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and diminishing the 1-D character of the (1991) 
material. These circumstances may cause 10 ~ - 0 s h 1 m a  et a/ Synih Metals 41-43 2175 

the projection of the Fermi surface along 
the bc plane to become more circular, the 
nested states and the CDW to disappear, 
the gap to close, and the material to be- 
come metallic. This model would be con- 
sistent with the reported suppression of the 
anomalous temperature versus resistance 
behavior by the application of pressure (18) 
and the enhancement of this behavior by 
the application of tension along the b di- 
rection (1 9). Low-temperature STM studies 
are needed to test this hypothesis. 
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Interaction Cloning: Identification of a Helix-Loop- 
Helix Zipper Protein That Interacts with c-Fos 

Michael A. Blanar and William J. Rutter 
A facile method for isolating genes that encode interacting proteins has been developed 
with a polypeptide probe that contains an amino-terminal extension with recognition sites 
for a monoclonal antibody, a specific endopeptidase, and a site-specific protein kinase. 
This probe, containing the basic region-leucine zipper dimerization motif of c-Fos, was 
used to screen a complementary DNA library. A complementary DNA that encoded a 
member of the basic-helix-loop-helix-zipper (bHLH-Zip) family of proteins was isolated. 
The complementary DNA-encoded polypeptide FIP (Fos interacting protein) bound to 
oligonucleotide probes that contained DNA binding motifs for other HLH proteins. When 
cotransfected with c-Fos, FIP stimulated transcription of an AP-1-responsive promoter. 

M a n y  cellular processes involve specific 
protein interactions. Identification of the 
interacting proteins can be a prodigious 
task if one uses conventional biochemical 
approaches. We have developed a conve- 
nient method, involving molecular clon- 
ing, that facilitates the detection and iso- 
lation of the interacting entity. This 
method has been used to study the inter- 

actions of transcription factors. 
The leucine zipper (Zip) and the helix- 

loop-helix (HLH) dimerization motifs are 
found in eukaryotic transcription factors 
that are members of the basic region-Zip 
(bZip) and bHLH families, respectively. 
The Zip and HLH domains permit the 
formation of homodimers or heterodimeric 
combinations among family members. The 
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Zip domain is characterized by a heptad 

chemistry and B~ophys~cs, Unlverslty of Cal~fornla at repeat of leucine residues that an 
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