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by the reactivity of the oxide ion rather than by the con- 
centration of Co in a particular oxidation state. In any 
case, we note the close correlation between the catalytic 
activity and the oxidizing power as shown in Figure 9. 
Similar correlations have been observed for Lal-,Sr,MnO: 
and Laz-,Sr,Ni049 for a more limited range of x values. 

Low catalytic activity for x = 0-0.5 (oxygen excess) is 
understandable, since the oxidizing power of the surface 

is relatively low and the ability to dissociate dioxygen is 
also low. The catalysts with oxygen-excess compositions 
showed low catalytic activities also in the cases of 
Lal-,Sr,Mn038 and La2,Sr,Ni04  system^.^ 
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C003.68, 119147-33-0; 02,7782-44-7; CO, 630-08-0; CO, 7440-48-4. 

Analysis of Anodic Oxide Films on Niobium 

N. Magnumen,* L. Quinones, D. C. Dufner, D. L. Cocke, and E. A. Schweikert 
Department of Chemistry, Texas A&M University, College Station, Texas 77843-3255 

B. K. Patnaik, C. V. Barros Leite, and G. B. Baptista 
Departmento de Fisica, Pontificia Universidade Catolica, Rio de Janeiro, Brazil 

Received August 31, 1988 

Anodic oxide films were grown on niobium in the presence of sodium tungstate. Two sample sets were 
grown at varying temperatures, and one set was grown to varying terminal voltages. The resulting films 
were examined by X-ray photoelectron spectroscopy (XPS) and Rutherford backscattering spectrometry 
(RBS). The XPS results show a close association of the sodium and tungstate species at the surface. Depth 
profiling shows the reduction of niobium oxide and the steady decrease in the amount of incorporated 
sodium with increased depth. The RBS data show multiple, overlapping peaks in the tungsten region. 
The layered structure is voltage dependent. 

Introduction 
Anodic oxide films are important in many applications, 

particularly in the area of electronic and dielectric ma- 
terials. The function of the anodic film can be seriously 
affected by the incorporation of anions during the growth 
process. Recent evidence shows that the presence of 
foreign anions may inhibit the growth of grain boundaries 
and increase dielectric strength.'S2 The incorporation of 
anions into anodic oxide films has been studied for several 
metal/metal oxide systems.3* However, to date, the 
characterization of the niobium system has received little 
attention. 

The surface properties of niobium are also of particular 
technological significance because of their impact within 
the field of superconducting materials. It has been de- 
termined that niobium has the highest superconducting 
transition temperature (9.3 K) of all the elements and also 
the highest transition temperature for the binary com- 
pounds, with Nb3Ge a t  23 K.' Of particular importance 
is the use of niobium for applications in superconducting 
ratio frequency (rf) cavities. Performance of the rf cavities 
is highly dependent on the surface properties of the ma- 
terial used. It has been suggested that anodic oxidation 
of the niobium surface may be one method of improving 
the quality of these superconducting  material^.^,^ The 

(1) Thompson, G. E.; Wood, G. C.; Shimizu, K. Electrochim. Acta. 

(2) Shimizu, K.; Thompson, G. E.; Wood, G. C. Thin Solid Films 1981, 
1981, 26, 951. 

81, 39. 

Solid Films 1986, 123, 127. 
(3) Skeldon, P.; Shimizu, K.; Thompson, G. E.; Wood, G. C. Thin 

(4) Abd Rabbo, M. F.; Richardson, J. A.; Wood, G. C. Corros. Sci. 1976, 
16, 689. 

chim. Acta. 1980, 25, 1667. 

Solid Films 1984. I l l .  227. 

(5 )  Konno, H.; Kobayashi, S.; Takahashi, H.; Nagayama, M. Electro- 

(6) Sharp, D. J.; Panitz, J. K. G.; Merrill, R. M.; Haaland, D. M. Thin 

(7) Gavler, J. R. Appl .  Phys. Let t .  1973, 23, 480. 

anodic film provides a suitable coating for the rf cavities 
by forming a protective, amorphous Nb206 oxide overlayer, 
displacing the cavity surface to a purer region within the 
film. Preparation techniques are critical in this matter 
because a few angtroms difference in oxide thickness or 
the presence of impurities can result in large changes in 
the dielectric properties and, thus, drastically affect the 
capabilities of the material. 

The present study will consider the surface and bulk 
characteristics of anodic oxide films grown on a niobium 
substrate in the presence of tungstate anion. Tungstate 
was a practical choice to optimize the peak separation of 
the substrate (low molecular weight) and the dopant (high 
molecular weight) for bulk analysis in Rutherford back- 
scattering spectrometry. The effect of temperature and 
voltage variations on anion incorporation will be examined 
through the use of X-ray photoelectron spectroscopy 
(XPS) and Rutherford backscattering spectrometry (RBS). 

XPS is an important analytical technique for surface 
characterization. This technique provides information 
regarding the binding energies of core electrons in atoms 
and molecules. With this information it is possible to 
determine what species are a t  the surface and, in many 
cases, their oxidation state. RBS, used in the low-me- 
gaelectronvolt energy range, is a powerful technique for 
nondestructive depth-profiling studies. This technique can 
be used to determine several parameters important in the 
study of anodic film formation. These parameters include 
oxide layer thickness, stoichiometric composition, and 
concentration and location of the incorporated film do- 
pants. Through the use of these two techniques, we have 
studied the surface and bulk characteristics of the niobium 
anodic oxide films, and these results are presented. 
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Niobium Anodic Oxide Films 

Experimental Details 
Sample Preparation. Niobium metal sheets 0.254 mm thick 

(99.8% purity) were purchased from Aesar. Disks were cut from 
the sheets to give an exposed surface area of 1 cm in diameter. 
The disks were polished with progressively finer grades of paper, 
followed by polishing with diamond paste down to Ilr-pm grit. 
The polished disks were rinsed, ultrasonically cleaned, and air 
dried. Examination of the prepared surface by scanning electron 
microscopy (JEOL 35CF) has shown a smooth, featureless surface. 
In addition, XPS shows no surface contaminants other than the 
presence of adventitious carbon. 

Various electrolytes, with a wide range of pH, have been used 
for the production of anodic oxide films on niobium.'*12 To 
ensure compatibility with our past and future studies, a solution 
of 0.15 M sodium borate/boric acid was chosen with an anion 
concentration 0.5 M sodium tungstate (Strem Chemical). All 
solutions were made with triply deionized water. 

The polished niobium served as the anode and platinum metal 
as the cathode in the electrochemical experiment. Nitrogen gas 
was bubbled through the solution before and during the growth 
process to deoxygenate the solution and to prevent localized 
heating. Power was supplied by a dc power source (Hewlett 
Packard), and the voltage and current were monitored by digital 
multimeters. The temperature of the solution was maintained 
by an external water bath that circulated water through the outer 
jacket of the electrochemical cell. 

Two different experiments were run-one involved varying the 
growth temperature while the other involved varying the terminal 
voltage. In the first experiment, the samples were grown to a 
terminal voltage of 72 V while the temperature was increased by 
10 "C intervals (15 to 85 "C) for each sample. An additional 
sample set was grown under the same conditions, but growth was 
terminated at 100 V. In the second experiment, the terminal 
voltage was varied by 15-V intervals from 15 to 105 V while the 
growth temperature was held constant at 35 "C. In all experiments 
the current density was maintained at 10 mA/cm2. Once the 
terminal voltage was reached, the voltage was reduced to zero and 
the circuit opened. The samples were then removed from the cell, 
rinsed with triply deionized water, and air dried. 

Surface Analysis. The film surfaces were analyzed by X-ray 
photoelectron spectroscopy (XPS) on a Kratos XSAM800 spec- 
trometer at the Texas A&M Surface Science Center. The samples 
were irradiated with Mg Ka X-rays with an energy of 1253.6 eV. 
Data were collected by using a DS 300 data processing system. 
Spectra were obtained at a typical pressure of 2 X lo4 Torr. The 
carbon Is peak, which is due to the presence of adsorbed carbon 
contaminants from the environment, was used as a reference (285.0 
eV) for the binding energies. In addition, depth profiling was done 
on one sample, using a 5-keV argon ion beam to sputter away the 
surface layers. The argon pressure was maintained at 5 X lo4 
Torr, Periodically, etching was stopped, and XPS data were 
collected from the exposed subsurface layers. 

Bulk Analysis. Identical sample sets were analyzed by 
Rutherford backscattering spectrometry (RBS) using a 2-MeV 
a-particle beam generated by a Van de Graaff accelerator at the 
Catholic University, Rio de Janeiro, Brazil. The sample surface 
was irradiated by the collimated beam (0.5 mm) at normal in- 
cidence. Ions scattered at 170° were collected by using a surface 
barrier detector placed 12 cm from the sample. The energy 
resolution was determined to be 15 keV. The typical pressure 
in the scattering chamber was 2 X lo+ Torr. 

Signals were electronically amplified, and the data were ac- 
quired in a multichannel analyzer. Data smoothing routines were 
not used. 
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Experimental Results 
The first experiment involved increasing the tempera- 

ture by 10 "C intervals from 15 to 85 "C, while the terminal 
voltage was set at 72 V. As the temperature was increased, 

(10) Rigo, S.; Siejka, J. Solid State Commun. 1974, 15, 259. 
(11) Hurlen, T.; Bentzen, H.; Hornkjol, S. Electrochim. Acta 1987,32, 

(12) Torresi, R. M.; Nart, F. C. Electrochim. Acta 1988, 33, 1015. 
1613. 

e- 0 - nlob,um tungsten 

x ~ 506111m 

I , , , I ,  

15 25 35 45 55 65 75 85 

T e m p e r a t u r e  & c )  

Figure 1. Graphed XPS data showing the trends for the niobium 
3d5 2, tungsten 4fTI2, and sodium 1s signals for species at the 
sdace. Films grown at varying temperatures to a terminal voltage 
of 72 V. 

the film color changed from red-violet to  deep blue. In- 
terference colors on anodic oxide films are well docu- 
mented.13J4 Although it is possible to determine film 
thickness through various means, for the purposes of our 
studies, film colors are used only as an indication of a 
change in relative film thickness. Given this, the observed 
change in film color is indicative of a slight increase in film 
thickness over the temperature range. No significant 
change in growth time was noted. 

In the second sample set, the temperature was increased 
by 10 OC intervals from 25 to 75 "C, with a terminal voltage 
of 100 V. In this case the film color changed from green 
to rose, again indicating a slight change in thickness ac- 
companied by no significant change in growth time over 
the temperature range. 

In the final sample set, the temperature was maintained 
at 35 "C while the terminal voltage was varied between 15 
and 105 V. The film color changed at each voltage, in- 
dicating a constant increase in film thickness as the voltage 
was increased. This is expected for harrier type films, 
where film thickness is dependent upon the applied 
voltage. The growth time also increased with the increase 
in terminal voltage. 

Surface Characterization of Niobium Oxide Films. 
The surface characteristics of the films were examined by 
XPS, located at the Surface Science Center, Texas A&M 
University. Figures 1 and 2 show the plots of the nor- 
malized peak intensities of the surface species versus the 
growth temperature for the samples grown at 72 and 100 
V, respectively. The close association of sodium and 
tungsten should be noted. 

Figure 3 shows the normalized peak intensities versus 
the applied voltage for the samples grown at constant 
temperature to varying terminal voltages. Again, the so- 
dium and tungsten species are closely associated. Addi- 
tional information was collected through depth profiling 
on the sample grown to 30 V. Figure 4 plots the niobium 
(3dSl2, 3d3/2) signal for the sample as received and after 
a 5-, 15-, and 40-min etch. In an effort to sort out the 
contributions of the various oxides, peak fitting was per- 
formed for the sample that was etched for 40 min. The 
result is shown in Figure 5 ,  where the 3d5 peak is labeled 
for each oxidation state. Figure 6 plots the corresponding 
change in the sodium 1s intensity versus the etch time. It 
is observed that the sodium intensity decreases with in- 
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Figure 2. Graphed XPS data showing the trends for the niobium 
3d5 2, tungsten 4fTI2, and sodium 1s signals for species at the 
sdace. ~h grown at varying temperatures to a terminal voltage 
of 100 v. 
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Figure 3. Graphed XPS data showing the trends of the niobium 
3d5 2, tungsten 4fTI2, and sodium 1s signals for species at the 
sdace.  Films grown at constant temperature of 35 "C to varying 
terminal voltages. 

creased etch time (i.e., depth beneath the surface). 
Bulk Character izat ion of Niobium Oxide Films. 

Bulk analysis on identical sample sets was carried out on 
the two sample sets grown at  varying temperatures. This 
was done at the Catholic University, Rio de Janeiro, Brazil. 
Figure 7 is an RBS spectrum of the niobium sample grown 
to 72 V at 24 "C. The region between 750 and 800 channels 
corresponds to the incorporated tungsten species. This 
region can be fitted by two clearly distinguished peaks, 
with the remainder of the tungsten structure being treated 
as one "peak". The oxide step appears between 675 and 
750 channels and corresponds to the thickness of the an- 
odic oxide layer. The metal substrate plateau extends 
below 675 channels. Figure 8 is an RBS spectrum of the 
tungsten region for the niobium sample grown to 100 V 
at  44 "C. In this case, the data can be fitted to five 
equidistant peaks. The presence of the layered structure 
for these sample sets was expected on the basis of previous 
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Electrochem. SOC. 1985,132, 3065. 

Magnussen et al. 

:3 / j  .. 

Binding (eV) 

Figure 4. XPS of the niobium 3d5/2,3/2 region for the sample 
grown at 35 "C to a terminal voltage of 30 V. Comparison of as 
received and after 5-,  15-, and 40-min etches. Note the reduction 
of niobium as indicated by the shift to lower binding energies. 
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Figure 5. Peak synthesis of the niobium 3d512 signal for the 
sample grown at 35 O C  to a terminal voltage of 30 V after 40 min 
of etching. Three oxidation states of niobium (+2,  +4 and +5) 
are present. 

For each sample, the oxide layer thickness was calcu- 
lated from the energies of the backscattered particles a t  
the surface and metal/oxide interface. The energy-depth 
correlation is determined by an iterative process described 
previ0us1y.l~ These calculations show the average growth 
or anodizing ratio to be 21 A/V. This value is consistent 
with values reported in other studies.20p21 

The stoichiometric ratio of the oxide was also deter- 
mined by using methods that have proved to be highly 
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Figure 6. XPS spectra of the sodium 1s region for the sample 
grown at 35 "C to a terminal voltage of 30 V. Comparison of as 
received and after 5-, 15-, 2 5 ,  and 40-min etches. 
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Figure 7. RBS spectrum of the niobium system grown at 24 "C 
to a terminal voltage of 72 V. 

reliable on other anodic systems.15 The stoichiometric ratio 
is given by the usual relation:15 

where Hi!  and HSbon are the yields corresponding to the 
scattering of particles from niobium in the oxide layer and 
the pure metallic layer (extrapolated), respectively, a t  the 
surface (Figure 7). The [e]!: is the stopping power factor 
for CY particles scattered by niobium. The [e]&, is the 
stopping power factor of CY particles scattered by solid 
oxygen. The stopping power values used are those of 
ChuaZ2 An average ratio of nlm = 2.0 (10% precision), 
or an oxide formula of Nb02, was calculated for the eight 
samples grown at varying temperatures. This is interesting 
since classical work14 in anodically grown films would 
predict an average ratio of nlm = 2.5. 

(22) Chu, W. K.; Mayer, J. W.; Nicolet, M. A. Backscattering Spec- 
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Figure 8. RBS spectrum showing the tungsten region for the 
sample grown at 44 "C to a terminal voltage of 100 V. 

Discussion 
The stoichiometry of niobium oxide and the oxidation 

of niobium metal are of considerable interest, especially 
in the realm of superconductivity. Niobium oxide exists 
in three principal forms: Nbz05, NbOz, and NbO, but 
several suboxides of the form NbO, are also known and 
the structure of many of these have been reported.23 

The stages of oxidation of niobium metal have been 
studied under a variety of conditions, and the results are 
just as varied. Some studies claim that NbOz is the first 
product of oxidation, with Nb205 growing at  the expense 
of Nb02.24925 In contrast, other s t ~ d i e s ~ ~ ~ ~ '  find that the 
existence of either NbO or Nb02 depends on the experi- 
mental growth conditions. More recent worksm indicates 
that NbO forms on the niobium metal surface a t  room 
temperature and ultrahigh vacuum conditions, followed 
by a buildup of NbO,. The initial NbO layer has been 
proposed to serve as a diffusion barrier to further oxygen 
p e n e t r a t i ~ n . ~ ~ ~ ~ ~  At  higher oxygen exposures and higher 
temperatures, it is suggested that Nb02 begins to form and 
breaks up the protective layer.30 Finally, a t  high oxygen 
exposures the stable Nb205 forms as a thick, porous layer. 

The present work adds new information to the under- 
standing of the anodic oxidation of niobium and, in par- 
ticular, the effect of anion incorporation in the growth 
process. The surface characteristics are examined by XPS, 
and these results are significant in that they show the close 
association of the sodium and tungsten species for all three 
sample sets. This trend was first reported for titanium and 
zirconium oxide films grown in the presence of sodium 
tungstate.18 Normally, a sodium signal is expected to be 
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present with random intensity, indicating sodium is 
present in the form of a contaminant, arising from either 
the sodium borate buffer or the sodium tungstate salt. 
However, it  has been noted that the sodium and tungsten 
species appear to be incorporated in proportional amounts 
into the growing film. This supports the likelihood that 
the two species are forming some type of reaction product 
during the film growth process. Also, the XPS data show 
an indirect relationship between the amount of niobium 
and the amount of sodium and tungsten present a t  the 
surface for all three cases. This indicates that the sodium 
and tungsten species are displacing or covering the metal 
oxide. 

As stated earlier, XPS is very useful for determining 
which species are present at the surface. In addition, in 
many cases, it  can provide information regarding the ox- 
idation state of the species. The binding energies observed 
in both experiments show the niobium to be present a t  a 
binding energy of 207.3 eV. This is consistent with values 
reported for Nb205 (207.4 eV),33 which is the most stable 
form of niobium oxide in the presence of oxygen. The 
tungsten signal appears a t  35.5 eV, which is appropriate 
for tungsten in the +6 state. Unfortunately, it  is not 
possible to identify which tungsten +6 species is present 
since this value falls within the range of both tungsten 
trioxide (35-36.5 eV) and the tungstate species (35.8 eV).33 
At this point it would appear more likely that the tungsten 
is present in anion form and associated with the sodium 
cation. 

Depth-profiling data were collected on the sample grown 
at 35 “C to a terminal voltage of 30 V. Figure 4 compares 
the niobium region of the sample as received and after 
periodic etching. From this plot it is apparent that as the 
outer Nb205 layers are sputtered, reduced niobium oxides 
are created. On the basis of other work,my34 it is suggested 
that the initial sputtering (less than 15 min) results in a 
preferential sputtering of oxygen from the surface layers. 
Subsequently, it  is expected that an equilibrium will be 
reached between the reduced forms of niobium. Evidence 
of reduction is shown in the XPS spectra as a shift of the 
niobium (3d5 2,3/2) peak to the right to lower binding en- 
ergies. This shift is similar to that seen in the literature.m@ 
Hofmann and Sanz20 demonstrated that a linear rela- 
tionship exists between the niobium valency and the 
binding energy, with each shift of 1 eV corresponding to 
one change in the oxidation number. If this assumption 
is invoked for the present study, then the shift of 3 eV seen 
in Figure 4 would indicate that the low binding energy 
shoulder is caused predominantly by the presence of Nb2+. 
Though the signal for Nb4+ is never clearly resolved in 
Figure 4 (due to the close proximity of the Nb5+ signal), 
through peak synthesis it was determined (Figure 5) that 
Nb2+ is present. 

Figure 6 plots the sodium Is signal and shows that so- 
dium is present throughout the region where tungsten 
incorporation occurs. The presence of sodium deep within 
the film is necessary to support the close association of 
sodium and tungsten in precipitation layers. 

At first glance it may appear that the XPS results 
contradict the RBS data, which predict a stoichiometry 
of Nb02 for the entire film. However, the minimum layer 
analyzed (depth resolution) in RBS is approximately 175 
A for niobium oxide,15 whereas for XPS the photoelectron 
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escape depth is approximately 20-40 A. Thus, it is not 
surprising that the surface probed by XPS shows primarily 
Nb206, while the region analyzed by RBS indicates an 
average stoichiometry of NbOz. 

As in our previous work,1k18 the RBS data show multiple 
peaks in the tungsten region for the samples grown a t  
varying temperatures to a terminal voltage of 72 and 100 
V. This provides additional evidence for the general nature 
of this structure. 

Each peak in the tungsten region of the spectrum rep- 
resents partially overlapping tungsten layers within the 
niobium oxide layer. For the niobium oxide system grown 
to 72 V (Figure 7), two peaks can be clearly fitted. The 
peak structure at lower energies cannot be positively fitted 
because of low concentrations of the incorporated species, 
therefore, this entire region is treated as one “peak” for 
calculation purposes. The early work done on anodic oxide 
systems provided information on how to obtain the best 
fit for the peak structures 0b~erved.I~ This early work was 
done by using a 40-MeV Ar4+ ion beam in the backscat- 
tering experiment, resulting in clearly resolved peaks in 
the tungsten region. The tungsten region of the niobium 
oxide films grown to 100 V a t  varying temperatures can 
fitted with five equidistant peaks, as was seen by the ex- 
ample in Figure 8. 

For both the 72- and 100-V experiment, the peak a t  
highest energy (channels) corresponds to the layer closest 
to the oxide surface. Layers far below the surface appear 
a t  lower energies or channels. In addition, as the depth 
is increased, the intensity decreases, indicating that less 
tungsten is present in the deeper layers. This pattern of 
incorporation is similar to that seen previously for zirco- 
nium oxide films grown in the presence of sodium tungs- 
tate.18 However, unlike that system, the amount of 
tungsten incorporated does not decrease with increasing 
terminal voltage. In the present study, the amount of 
tungsten incorporated at 72 V is far smaller than the 
amount incorporated a t  100 V. All samples grown to 100 
V exhibited a five-peak structure, whereas the samples 
grown to 72 V showed three or less peaks in the tungsten 
region. Another similarity with the zirconium system is 
that the growth times for the present study are also 
unaffected by the temperature of the forming solution. 

In an effort to explain the layered structures observed 
in the RBS and the close association of the sodium and 
tungsten species in the XPS, a mechanism of anion in- 
corporation was suggested@ that involves what is known 
as the Liesegang phenomena.35 Briefly, this relies on the 
periodic precipitation of a supersaturated species,% in this 
case a reaction product involving sodium and a tungsten 
species. This supersaturated species forms precipitation 
bands within the forming oxide layer. Under the effect 
of an electric field, it  has been shown37 that these bands 
become evenly spaced with respect to the origin (metal 
oxide-solution interface). This is in agreement with the 
results obtained from the RBS data, where for all systems 
examined, evenly spaced banding has been observed. 

Conclusions 
The following conclusions are significant in this study: 
The XPS data show a strong, direct relationship be- 

tween the sodium and tungsten species a t  the surface 
(Figures 1-3). The surface is composed of the highly stable 
Nb205, as expected. The binding energy values for the 
tungsten species are in agreement with the presence of an 

(33) Riggs, W. M.; Davis, L. E.; Moulder, J. F.; Murlenberg, G. F. 
Handbook of X-ray Photoelectron Spectroscopy; Physical Electronics 
Ind.: Eden Prairie: MN, 1979. 
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anionic species. This supports the possibility of a reaction 
product formed between sodium and the tungsten species. 

Depth profiling shows (Figures 4 and 5 )  the reduction 
of Nb205 to Nb4+ and Nb2+. Preferential sputtering leads 
to the presence of a steady-state mixture of niobium ox- 
idation states. The presence of sodium is also confirmed 
(Figure 6) by depth profiling. This is expected if sodium 
and tungsten are associated in the form of a precipitation 
product. 

Calculations based on the RBS data suggest an average 
stoichiometric formula of NbOz for the oxide layer. This 
is unexpected based on other studies of anodically grown 
niobium films which predict the presence of Nb205. Also, 
the RBS data (Figures 7 and 8) show evenly spaced pre- 
cipitation bands, as would be expected for a precipitation 
reaction occurring under the influence of an electric field. 
In addition, it was noted that increased voltage (100 V as 
compared to 72 V) allowed the formation of a more ex- 
tensive layering structure (five peaks as opposed to three 
peaks) within the oxide film. This is useful for those 

materials where maximum incorporation of anions would 
be beneficial. 

The anodic oxidation of niobium and the incorporation 
of anions into forming anodic films are important areas 
of research. With increased understanding of how these 
processes operate, steps can be made to control and adapt 
these processes to our needs. 
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The effect of impurities and defects on the electronic structure of some polymeric chains has been 
approached by considering a model infinite chain .-AAAABAAAA*-, where B is an impurity or defect 
embedded in an infinite chain -AAAAA.-. The transmission coefficient t ( E )  and differential density of 
states ADOS(E) curves have been used to characterize the different types of interactions between an 
impurity/defect level and an energy band. When the energy band can interact with more than one level 
of the impurity/defect, interference effects have to be considered. A rule to predict the constructive/ 
destructive nature of these interferences is given. The use of the transmission coefficient as an analytical 
tool and the connection with the usual orbital interaction analysis of the electronic structure of molecules 
and solids are illustrated. The effect of several C=X impurities (X = 0, S, CH2) and sp3 defects as well 
as donor and acceptor pendant groups on the electronic structure of polyacetylene cham has been considered. 

1. Introduction 
Impurities and defects have a strong influence on the 

electronic structure of polymeric materials. Hence, several 
theoretical approaches have been recently developed1 with 
the aim of understanding the consequences of this rupture 
of translational invariance. Important tools to analyze the 
phenomenon, like the density of states or the charge-bond 
order matrix for several imperfect polymers have thus been 
evaluated.l Sometimes, the problem has been faced from 
a different methodological perspective, by using standard 
quantum chemical methods to perform calculations on 
discrete molecular species aiming to represent the local 
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effect of such i m p u r i t i e ~ . ~ - ~  Although both approaches 
have been very important in providing a basis for the 
understanding of the chemistry of these imperfect poly- 
mers, they seem to be less well suited to face one of the 
most exciting problems in the field, i.e., the control of 

(1) For some leading references see: (a) Ladik, J.; Seel, M. Phys. Reu. 
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