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Abstract Temperature dependence of Iow-energy-electron transmis- 
sion spectra was measured for thin films of a molecular fastener, 
t e traki s (nonyl t hi 0 )  te trat hiafu I val ene. 10 spectral features, which 
can be ascribed to the structure of the conduction bands, were 
observed in the energy region of incident electron of 0 - 15 eV. 
They showed a large temperature dependence of the energy position 
as well as of the sharpness and the intensity. The energy Posit- 
ions shifted -0 .6  eV to high-energy side by cooling from room 
temperature to -124°C. Such a large energy shift was not observed 
for other thin films consisting of long-alkyl molecules, and is 
considered as a result of the molecular fastener effects. 

I NTRODUCTI ON 
Tetrakis(alky1 thio) tetrathiafulvalenes (TTCn-TTF's) form a series of 
tetrathiafulvalene (TTF) derivatives with four alkylthio substitutional 
groups, in which good electrical conduction was observed. Through the 
measurements of electrical conductivities, crystal structure, ionization 
threshold energies and thermal properties for the series of TTCn-TTF's, 
Inokuchi and his coworkers found a new function named as "molecular 
fastener effect" in the compounds with long alkyl chains. lP7 The phys- 
ical meaning of the fastener effects is that intermolecular interact- 
ions between side alkyl chain groups work as attractive force to reduce 
the interplanar distance between adjacent TTF parts. l7 
high electrical conductivity is realized along the stacking direction 
of conjugated E-systems. 1 *  2, 

As a result, 

In fact, TTC9-TTF and TTCIO-TTF have 
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unique crystal structures with strong S - S  atomic contacts of 3.57 
between molecules and a short interplanar distance of 3. 49 d. 1 p  4 p  and 
show the extraordinarily low ionization threshold energies of 4.7 eV in 
the crystalline state. li 2 * 6  These anomalous features are considered to 
be realized by a concurrence between the intermolecular repulsive and 
attractive forces which respectively exist at TTF and TTCn parts. 

On the other hand, we observed for thin films of long alkyl mole- 
cules using low-energy electron transmission (LEET) technique that the 
thermal excitations of molecular vibrations significantly perturb the 
conduction band structure. Further i t  has been known that the inter- 
molecular distance in the crystals of polyethylenelo and long chain 
alkanes'' are highly temperature dependent due to the thermal excita- 
tions of molecular vibrations. We thus expect that the molecular fast- 
ener effects depend on temperature to produce changes of the intermole- 
cular distance of crystalline TTC9-TTFl2 and electronic structure due 
to the thermal excitations of molecular vibrations of the alhyl Parts. 

In this paper we report the temperature dependence of low energy 
electron transmission (LEET) spectra of thin films of TTCg-TTF and 
demonstrate that an extraordinarily large temperature dependence of the 
conduction bands exists in this material. 

EXPERIMENTAL 

In the LEET experiment, a monoenergetic electron beam impinges perpen- 
dicularly on a thin fiim deposited on a metal substrate and the elec- 
tron current transmitted through the film (It) is measured at the sub- 
strate as a function of incident electron energy (Ei). The transmitted 
current It(Ei) is in general dependent on the crystal structure and 
electronic states of the film through both electron elastic and inelas- 
tic scattering, and hence the It(Ei) curves (LEET spectra) give infor- 
mation on these factors. 

The experiments were performed using the LEET spectrometer 
described in the Previous Papers. 13* l 4  In the present measurements, 
the incident electron current (Ii) was lxlO-'' (i 3 ~ 1 0 - ~ ~ )  A and the 
number density of the incident electron at the sample surface was 
estimated to be 3-8~1O-~i-~s-l by measuring the beam diameter with the 
method described in a previous paper. l3 The ultralow density of the 

13* l4 
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ANOMALOUS TEMPERATURE DEPENDENCE OF LEET SPECTRA OF TKp-TTF [697]/173 

incident electron at the film surface enabled us to measure the spectra 
of organic thin films without radiation damage. The energy resolution 
was measured to be 0 .3  eV from the energy width of the rising part of 
the It(Ei) spectrum at Ei=O eV. The vacuum condition during the 
measurements was - ~ X I O - ~  Torr for low temperature measurements and 
5x10@ Torr for room temperature measurements. 

described in the literature5 (molecular structure is shown in Fig. 1 ) .  
The TTCS-TTF samples used in the present measurements were 

The crystalline thin films were prepared ( 1 )  by the spin coat 
2800 rpm from 0.2% (wt/vol> hexane solution onto Cu substrates 
by evaporating the crystals onto Cu substrates in the preparat 
chamber at a pressure below 1x1OP8 Torr (deposition rate -2. 7 
Amorphous thin films were prepared onto Cu substrate kept at - 

ng of 
and (2) 
on 
ii/min>. 
37 "C 

under a vacuum condition of less than 5 ~ 1 0 - ~  Torr during evaporation. 
The deposition rate was -6  h i n .  The crystalline thin films evaporated 
on Cu substrate showed sharp X-ray diffraction pattern, indicating that 
the molecules can be evaporated to form thin crystalline film with 
I i t  t le decomposi t ion. This 
vaporized molecules using 

RESULTS AND DI SCUSS I ON 
The LEET spectra (It and d 

was also confirmed by mass spectra of the 
he method described in Ref. 15. 

,/dEi curves) measured at low temperature 
for the  crystalline thin films prepared by the spin-coating and vacuum 
evaporation are shown in Fig. I ,  together with the results for the 
amorphous thin film. The crystalline films prepared with different 
methods show similar LEET features. The It(Ei) features are seen more 
clearly in dI t(Ei)/dEi curves. The amorphous spectra are significantly 
different from those of the crystalline films. The fine features ob- 
served in the crystalline spectra are not observed in the amorphous 
spectra. 

Structures observable in LEET spectra of condensed films may in 
general be broadly divided into two categories; the structures result- 
i ng  from elastic electron interactions and the others originating in 
electron inelastic processes. For molecular sol ids, in which intermole- 
cular interaction is very weak, the main LEET features due t o  electron 
inelastic processes occurs through the creation of localized molecular 
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FIGURE 1 Molecular structure of TTC -TTF (left) and LEET 
spectra of crystalline and amorphous ahin films of TTC -TTF 
(right). (a) Spin-coated,crystalline film. (b) Evaporafed 
crystalline ilm of 110 A thick. (c) Evaporated amorphous 

perature (indicated in the figure). I t(Ei) and dI t(Ei)/dEi 
curves are shown by solid and dotted curves, respectively. 

film of 108 f r  thick. A l l  spectra were measured at low tem- 

exciton, and when this processes dominate the LEET spectra, the LEET 
features correspond to the electronic excitations of individual mole- 
cules. '' These features are not so dependent on the crystal structure 
or the degree of crystallinity of the film. On the other hand, the LEET 
features which originate in the elastic electron interaction are highly 
dependent on the crystal structure rather than the molecular electronic 
states. In this case, the structure of the conduction bands is reflect- 
ed in the spectra through the energy dependence of  the injection of in- 
cident electrons at the film surface. The incident electrons are in- 
jected into the film depending on the density-of-states of the conduc- 
tion bands which are determined by the crystal structure. 13* l 4  

LEET features appearing in the crystalline films do not originate in 
the creation of the molecular excitons, but in the structure of the 
conduct ion bands. 

[It(Ei) curvesl and Fig. 2b [dIt(Ei)/dEi curves]. The LEET features 
observed faintly in It(Ei) curves can be seen more clearly i n  

The results shown i n  Fig. 1 thus lead us to a conclusion that the 

The temperature dependence of the LEET spectra is shown in Fig. 2a 
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ANOMALOUS TEMPERATURE DEPENDENCE OF LEET SPECTRA OF TI'CqTTF [699]/175 
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FIGURE 2 
films of TTCg-TTF. (a) It(Ei) curves. (b) dIt(Ei)/dEi curves. 

Temperature dependence of LEET spectra for spin-coated 
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FIGURE 3 Temperature dependence of the energy positions of 
selected LEET features (B-HI. The energy shift BE from Ei at the 
lowest temperature is shown. d E  determined from the features 
in dIt(Ei)/dEi curves are indicated by prime. 

dI t(Ei)/dEi curves. The spectra show diffused features at room tempera- 
ture, and on cooling I t  increases and the features become very sharp. 
Such a sharpening of the LEET features as well as the increase in I t  on 
cooling were a lso  observed for the thin films of organic molecular 
crystals which do not show the molecular fastener effects. 

upon cooling and the energy shift (dE) was extremely large. For  exam- 
ple, 
ature difference of -150 K. The temperature dependences of the energy 

The energy positions of the features shift to high energy side 

LIE of the Peak C in It(Ei) is larger than -0 .6  eV for the temper- 
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176/[700] N. UENO ET AL. 

positions of some spectral features are shown in Fig. 3. Such large 
temperature dependences of the energy positions were not observed for 
organic molecular crystals which do not show the molecular fastener 
effects, 97 l 7  e. g. long chain alkanes and TTC1-TTF. 

So far, we know little about the quantitative expression and the 
temperature dependence of the fastener effects; the present result is 
considered to correlate closely with the fastener effects, and such a 
large temperature dependence of the electronic states must be a typical 
characteristic of the fastener effects. 

The present work was in part supported by a Grant-in-Aid for the 
Scientific Research from the Ministry of Education, Science and Culture 
(No. 02805003). Japan. 

REFERENCES 

1. H. Inokuchi, G. Saito, P. Wu, K. Seki, T. Tang, T. Mori, K. Imaeda, 
T. Enoki, Y. Higuchi, K. lnaba and Y. Yasuoka, Chem. Lett., 1263 
(1986). 

2. K. Seki, T. Bor Tang, T. Mori, W. P. Ji, G. Saito, K. Imaeda, S. Zu 
Rong, T. Enoki, Y. Higuchi, N. Yasuoka and H. Inokuchi, i n  Physical 
Organic Chemistu, (Elsevier, Amsterdam, 19861, p. 575. 

3. K. Seki, T. Tang, T. Mori, P. Wu, G. Saito, and H. Inokuchi, J- 
Chem. SOC., Faradav Trans. 2, 82, 1067 (1982). 

4. C. Katayama, M. Honda, H. Kumagai, J. Tanaka. G. Saito, and H. 
Inokuchi, Bull. Chem. SOC. JPn., 58, 2272 (1985). 

5. K. Imaeda, T. Enoki, Z. Shi, P. Wu, N. Okada, H. Yamochi, G. Sai to 
and H. Inokuchi, B u l l .  Chem. SOC. JPn., 60, 3163 (1987). 

6. H. Yamamoto, K. Seki, H. Inokuchi, and G. Saito, J. Chem. SOC., 
Faradav Trans. 2,83, 2151 (1987). 

7. 2. Shi, T. Enoki, K. Imaeda, K. Seki, P. Wu, H. Inokuchi, and G. 
Saito, J. Phvs. Chem., 92, 5044 (1988). 

8. Y. Li, C. Nakano, K. Imaeda, H. Inokuchi, Y. Maruyama, N. Iwasawa, 
and G. Saito, Bull. Chem. SOC. JPn., 63, 1857 (1990). 

9. N. Ueno, H. Nakahara, K. Sugita, and K. Fukuda, Thin Solid Films, 
179, 161 (1989). 

10. T R .  Swan, J. Polvm. Sci., 56, 403 (1962). 
11. G. Unger, J. Phvs. Chem., 81, 689 (1983). 
12. C. Nakano, K. Imaeda, T. Mori, Y. Maruyama, H. Inokuchi, N. Iwasawa 

13. N. Ueno, K. Sugita, K. Seki, and H. Inokuchi. Phvs. Rev. B34, 6386 
14. N. Ueno and K. Sugita, Phvs. Rev. B42, 1659 (1990). 
15. N. Ueno, K. Seki, N. Sato, H. Fujimoto, T. Kuramochi, K. Sugita, 

16. N. Ueno, K. Sugita, K. Seki. and H. Inokuchi. JPn. J. A D P I .  Phvs., 

17. Ueno et al., in Preparation. 

and G. Saito, J. Mater. Chem., 1, 37 (1991). 

( 1  986). 

and H. Inokuchi, Phvs. Rev. B41, 1176 (1990). 
24, 1156 (1985). 

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:
47

 1
8 

Fe
br

ua
ry

 2
01

3 




