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INTERPRETATION FOR STM IMAGING 
OF ONE-DIMENSIONAL ORGANIC CONDUCTORS 

EJ. m, M. HARA, H. SASABE and W. KNOLL 
Frontier Research Program, RIKEN, Wako, Saitama 351-01, Japan 

Abstract On the basis of highly reproducible scanning tunneling microscopy 
(STM) images of the tetrathiafulvalene-tetracyanoquinodimethane ('ITF-TCNQ) 
surface with atomic resolution, a new interpretation for such STM images from 
the viewpoint of the relative phase difference of the molecular orbital in each 
organic molecule is presented. The interpretation is based on the interference effect 
on tunneling because of the short tipsample distance. 

The first scanning tunneling microscopy (STM)l image for organic materials with 
atomic resolution was obtained for the crystalline surface of an organic conductor, 
tetrathiafulvalene-tetracyanoquinodimethane (TTF-TCNQ), by Sleator and Tycko 
(ST).2 They reported that its STM images well reflect spatial distribution of the 
absolute value of the highest occupied molecular orbital (HOMO) of a 'ITF molecule 
and the lowest unoccupied molecular orbital (LUMO) of a TCNQ molecule, which is 
expected by the STM theory proposed by Tersoff and Hamann (TH thexq9.3 

Several STM studies of 'ITF-TCNQ films formed by vacuum deposition have 
been reported by STM because of its interesting physical properties.4 In numerous 
such studies, it has been realized that there exist two types of the molecular images, an 
acute-angle chevron type and an obtuse-angle chevron type, and the former has similar 
features to the images of TTF-TCNQ crystals.2 Here, we report the details of the two 
types of the STM images and present a new interpretation for such images of TTF- 
TCNQ by considering the relative phase difference of TI'F HOMO or TCNQ LUMO. 

EXPERIMENTAL 

TTF-TCNQ complex was prepared by mixing 'ITF and TCNQ in acetonitrile solution 
and leaving the mixture at ambient temperature for one week to allow the solvent to 
evaporate slowly. Mica substrates were cleaved in air and heated at 100 "C for one hour 
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212 N. ARA-KATO et al. 

under a vacuum of 3 x lo4 Pa for cleaning. 'ITF-TCNQ molecules were deposited on 
the mica substrate at room temperature and in high vacuum of 1 x 10-4 Pa. The 
deposition rate was 10 nm/min and the thickness of the films was about 100 nm. STM 
imaging was carried out in air at room temperature with 80% Pt - 20% Ir tips in a 
constant height mode. The STM system used in this study was a commercial 
NanoScope II (Digital Instruments, Inc., Santa Barbara, CA, USA). 

TTF-TCNQ crystal is monoclinic with lattice constants : a = 1.2298 nm, b = 0.3819 
nm, c = 1.8468 nm, = 104.46'. Figure l(a) shows molecular arrangement of "F- 

TCNQ crystal, as determined by X-ray diffraction? projected onto the ab-plane. Since 
the molecules form homologous columns along the b-axis and molecular orbitals 
between adjacent molecules in each column overlap along this direction, the crystal has 
high one-dimensional electronic conductivity along the b-axis. TTF and TCNQ 
molecular planes are set at an angle of 58.5" to one another. They are oppositely directed 
by 24.5' and 34.0', respectively, relative to the axis c* = u x b, as shown in Fig.l(b). 

1 

b 
t 

1 

lTF - TCNQ 

FIGURE 1 (a) Molecular arrangement of 'ITF-TCNQ projected onto ab-plane 
(b) Angular relation between 'ITF and TCNQ molecules. 
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INTERPRETATION FOR STM IMAGING 213 

Figure 2 shows a typical TTF-TCNQ image obtained at sample bias voltage of 
4.9 mV and tunnel current of 0.42 nA. Molecular images indicated by A and B have 
characteristics similar to those of the crystal obtained by ST.2 According to their 
assignment based on computer simulation, A and B are TCNQ and TTF, respectively. 
However, TCNQ images indicated by A' are quite different from A. Two types of 
TCNQ molecular images alternate every one or two rows. The main differences of the 
TCNQ images A' compared to the images A can be summarized as follows: 

(1) The chevron pattern of the TCNQ triplet A' is rotated 180 degrees. 
(2) The triangular angle of the chevron pattern of the triplet A' is less acute. 
(3) The surrounding outer balls are brighter than those of A. 

In numerous STM studies, we have found no significant evidence of STM 
images other than types A and A .  

J A' /A J A' ,/ / A 
f 

J 

A 
J 

FIGURE 2 Typical STM image of TTF-TCNQ 

In a previous report,6 these differences in the STM images were explained by 
differences of the actual structures between columns including A and A'. Namely, 
molecular planes were thought to be tilted in opposite directions and have different tilt 
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214 N. ARA-KATO et al. 

angles between A and A'. However, we have found that these two types of TCNQ 
images cannot be reproduced in simulations by changing the tilt angle of the 
molec~les.7 

The interpretation of the STM 
images under the assumption that the 
differences in the relative phases have 
appeared in the images is presented here. 
Figure 3 shows the spatial distribution of 
TCNQ LUMO projected on ab-plane 
showing for the differences of its relative 
phase explicitly. The spatial distribution 
of TCNQ LUMO are schematically 
superimposed on the molecules. 
Characteristics of the TCNQ image of 
Fig. 2 are well explained as follows: FIGURE 3 Simulated TCNQ image 

(1) The angle of chevron pattern of TCNQ triplet A is rotated 180 degrees and 
is less acute, similar to the actual TCNQ image. 

(2) It can be interpreted that the surrounding outer balls of TCNQ triplet A are 
brighter than those of TCNQ triplet A because of the shorter tunneling distance from 
the tip. This is also consistent with Fig. l(a). 

Also, the angle of the chevron pattern of TCNQ triplet A shown in Fig. l(a). is as sharp 
as the actual TCNQ image and ST's image. From these results, it is clear that the 
characteristic features seen in the image can be explained well by introducing the relative 
orbital phases to STM imaging. 

How the differences of relative phases of the molecular orbitals appear in STM 
images? The only possibility that the difference of relative phase of the molecular 
orbitals appear in STM images is the interference effect between a tip and a sample. In 
recent studies by computer simulation the tip-sample distance was evaluated to be less 
than 3A.8 In such a short tip-sample distance the interference effect between a tip and a 
sample can not be ignored on tunneling. 

First we consider using a simple model which is composed of two identical 
isolated potential wells with energetically discrete states at a large distances. When the 
wells are brought closer together, their interaction leads to a splitting of each energy 
state. The wavefunctions for these states for each well can interfere constructively or 
destructively depending on their relative phases at a tunneling gap. This corresponds to 
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INTERPRETATION FOR STM IMAGING 215 

the bonding and antibonding states in a diatomic molecule. Since each electron 
interferes only with itself, as recently demonstrated in a two-slit experiment by 
Tonomura et al.? each electron overlaps in-phase or out-of-phase at the gap 
independently of other electrons in many-electron systems. Therefore, we introduce 
such a splitting of energy to a tip-sample system in STM. 

According to the WKB (Wentzel-Garners-Brillouin) approximation, tunneling 
probability T of an electron for a whole system is expressed as fo1lows;lo 

where V(x)  is a barrier height, E is an energy of the electron, h = h / 2x; (h is Planck 
constant) and m is a mass of the electron. d is a width of tunneling barrier at the energy 
E. If we know the energy of an electron for a whole system, we can estimate the 
tunneling probability according to equation ( 1). 

Since the scan rate of the tip in the STM measurement is slow compared to the 
response time of the electron, the adiabatic approximation in the tip-sample system 
holds during a measurement. Since crystal orbitals in the conduction bands are 
approximately represented as linear combinations of the TTF HOMO or the TCNQ 
LUMO, the difference of the relative phase of each molecular orbital is preserved in 
each crystal orbital. 

The energy of the new wavefunction made up from the tip-side and sample-side 
wavefunctions changes depending both on the absolute value and the sign of the overlap 
integral. This change of energy AE is equivalent to a resonance energy in quantum 
chemistry.l We consider that the energy changes to Ef AE in the equation (1) 
according to in-phase or out-of-phase overlapping between the tip-side and sample-side 
wavefunctions. Thus, we obtain the tunneling probability for the new wavefunction as 
follows; 

The tunneling probability changes depending both on the absolute value and the sign of 
the overlap integral according to equation (2). In this sense, there exists a clear 
difference in tunneling probability between in-phase and out-of-phase overlappings. 
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216 N. ARA-KATO ef a/. 

Consequently, the characteristic differences in the STM images of TTF-TCNQ can be 
attributed to the changes of the tunneling probability with different phase overlappings. 

CONCLUSION 

Characteristics of STM images of TTF-TCNQ are very well explained by the 
interpretation that the difference of relative phase of TTF HOMO and TCNQ LUMO 
appear in the images. This originates from the interference effect between a tip and a 
sample. 
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