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to the TI-covered junction. The TI-covered junction spectra show 
a band near 2000 cm-I (in AI- only) similar to the 1850-cm-' band 
in Pb-covered junctions. The broad band maximizing near 4000 
cm-I (AI-) may also be weakly present in the Al+ bias regime. 
This band has not been previously identified. Finally, note that 
the S - T transition which is very intense in the AI+ bias is not 
present, or is very weak, in AI- bias where it is normally expected 
to be most intense. 

From the data contained in Figures 1-3, it seems evident that 
both the AIO/CuPc and the CuPc/M interfaces are playing a 
role in determining the electronic states of the barrier region of 
the junction. The lack of left/right symmetry in the tunneling 
spectra suggest that electrochemical changes may be occurring 
within the barrier when the junction is biased such that the alu- 
minum electrode is negative. This idea is further supported by 
the vibrational spectrum. As shown in Figure 4, the vibrational 

tunneling spectra of a AI-AlO,-CuPc-M junction depends upon 
bias. This is especially clear for the bands near 412, 483, and 
750 cm-I. Significant deviations in intensity also occur near 1330 
and 1450 cm-I. 

These results indicate that the prevailing interpretation of the 
CuPc tunneling spectrum is flawed. In conflict with conclusions 
from previous studies, we find that the spectra depend on bias 
voltage, top metal, and oxide preparation. That is, both imbedded 
interfaces affect the electrical and chemical nature of this M'- 
I-X-M junction. Further studies of M"-I-M'Pc-M junctions 
should lead to a better understanding of the role of imbedded 
interfaces on the properties of thin film semiconductors. 
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We report the determination of absolute integrated band intensities (S:) for the v l  fundamental bands of HN2+ and HCO+ 
by the recently developed technique of direct laser absorption spectroscopy in fast ion beams. The values obtained for HN2+ 
(1250 (300) cm112 atm-I) and HCO' (430 (100) cm-2 atm-I) are substantially lower than corresponding results from high 
level ab initio calculations 

Introduction 
There is considerable interest in the determination of absolute 

IR band intensities (S:) for molecular ions since these provide 
a convenient spectroscopic route for directly monitoring ion 
densities both in laboratory applications, such as in situ diagnostics 
of plasmas and etching processes, and for remote aeronomical and 
astrophysical detection. In this Letter, we report the measurement 
of absolute infrared intensities for the v l  bands of HN2+ and HCO' 
by direct laser absorption spectroscopy in fast ion beams 
(DLASFIB). 

Vibrational lifetimes have been measured indirectly for a few 
ions, viz., NO+ and CH-,I by monitoring the decay of vibrational 
excitation with mass spectroscopy, but the results presented here 
are the first IR intensity measurements made for ions by direct 
absorption methods. Previously developed approaches to the 
spectroscopy of ions have been incapable of determining reliable 
absolute IR intensities; for methods involving direct absorption 
spectroscopy in discharges, the ion densities in plasmas are not 
known. Previous ion beam methods have relied on detecting the 
effects of photon absorption through secondary processes which 
prevent access to absorption cross sections. A powerful feature 
of DLASFIB is that both absolute ion densities and absorption 
cross sections are determined for each absorption feature, such 
that absolute IR band intensities can be determined directly. 

The integrated infrared line strength (Sir) for a single vibra- 
tion-rotation transition from an initial state i to a final state f 
is related to the integrated infrared band strength (S:) through 
a rotational term (Rif) and the Herman-Wallis vibration-rotation 
interaction factor2 (0 

S,r = S,ORifF (1) 

In  this expression, Rif represents the fraction of the total band 

'Present address: Department of Chemistry, The Ohio State University, 
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strength that is accounted for in the line strength of a single 
rovibration transition. For a 'Z linear molecule2 
R .  = I f  

Iml exp(-hcEi/kT,)(hf/vo)Z;lZ;l[ 1 - exp(-hcvif/kT,)] (2) 

where m = J + 1 for R-branch lines and m = -J for P-branch 
lines. Here, T,, T,, Z;l, and Z;I are the rotational and vibrational 
temperatures and partition functions. Sir is a function of the 
Gaussian full width at half-maximum (bD) and the peak absorption 
(Iif) of the rovibrational transition: 

Sif = bD(r/ln 2 ) q f  (3) 

In turn, Iif is a function of the ion density (nion), the path length 
( I ) ,  and the incident and transmitted laser radiation intensities, 
viz., Iif = (nionl)-l In (loll), and corresponds to the maximum 
absorption cross section. 

Experiment and Results 
The Berkeley DLASFIB spectrometer has been described 

previ~usly,~ and only those aspects pertinent to the S,O mea- 
surements will be presented here. Ions were produced in an 
uncooled cold cathode dc discharge source operating at 0.50 Torr 
and <3 mA. In the ion optical system, an electrostatic lens extracts 
ions from the 2-mm aperture in the anode of the ion source and 
directs a nearly parallel ion beam to a quadrupole deflector (Ql). 
Q 1 bends the ion beam by 90' to the 15-cm field-free drift region 
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Figure 1. A scan of 30 V (280 MHz) showing the R(9) line of the Y ,  
band of HN2+ recorded with the etalon system DLASFIB spectrometer. 
The dotted line is the data, a single scan obtained with a 1-s time con- 
stant, and the solid line is calculated by using parameters obtained from 
a fit to a Voigt profile. 

(DR), where it is overlapped with the beam from a color center 
laser. After transit through the drift region, the ions are bent by 
a second quadrupole deflector (QZ), either to a Faraday cup (F2) 
to monitor the total current, or with the polarity of 4 2  reversed, 
to a Wien velocity filter for mass analysis. Rovibration transitions 
of the ions are velocity tuned into resonance by varying the beam 
voltage (nominally 1-3 kV) with a slow (100 V/80 s) voltage ramp 
applied to the drift region. With the laser locked to a fixed 
frequency (q), the laser power is monitored as a function of beam 
voltage (vb), which can be converted to an effective frequency 
(ueff) with the first-order Doppler relation 

Ueff = U](l - u / c )  = UJl - (2eV,/mc2)'/2] (4) 

for the ion and laser beams propagating in the same direction. 
A square wave (10 V peak-to-peak, 400 kHz) is superimposed 
on the ramp for high-frequency velocity modulation, which en- 
hances the sensitivity. Successful detection of direct absorption 
by ions in the ion beam depends on having an extremely high 
absorption sensitivity because of the low ion densities (- lo7 ions 
~ m - ~ )  involved. In conjunction with the high-frequency modu- 
lation, this is achieved by placing a buildup cavity (or Fabry-Perot 
etalon) around the ion optical system to effect multipassing. 
Normalized to a I-s time constant, the signal-to-noise ratio is about 
50 for a single scan of a strong transition of the u ,  band of HN2+ 
produced in an uncooled discharge source, as can be deduced from 
Figure 1. (The minimum detectable fractional absorption is 3 

While the above experimental configuration effects high sen- 
sitivity for absorption, it presents some difficulties for the mea- 
surement of absolute IR intensities because the effective path 
length and the overlap between the ion and laser beams are not 
well characterized. The ion beam has a radial distribution that 
is probably not homogeneous and which is difficult to determine, 
while the multipassing etalon produces a Gaussian laser beam 
profile with a 1.2-mm spot size (1 / e )  inside the passive re~onator .~ 
Given the possibility of focusing in both of the beams and for small 
variations in their relative alignment, as well as a much greater 
uncertainty in the intensity measurements since the path length 
is not well-defined for the etalon, absolute intensity measurements 
were therefore not performed with the original experimental 
arrangement that included the etalon. 

In order to effect well-characterized overlap and path length 
for measuring the absolute line strengths, a different experimental 
configuration, the single-pass straight line system (SLS), was 
employed. The ion source was placed directly in front of the drift 
region, and ions were extracted straight into the ion optical system, 
as shown in Figure 2. A 3 mm diameter aperture placed on the 
cathode electrode of the source enabled the laser beam to pass 
through the source into a shorter (7.5 cm) drift region. In the 

x 10-7.) 

(4) Yariv, A. Quantum Elecfronics; Wiley: New York, 1975. 
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Figure 2. Ion optical system of the straight line system used in the 
DLASFIB experiment for absolute line-strength measurements. EXT 
is an extractor, L1 and L2 are electrostatic lenses, Q2 is a quadrupole 
deflector, D2 is deflector, and F5 and F2 are Faraday cups. 

SLS, the etalon was not used. The laser beam was expanded with 
a telescope to a 5-mm spot size (1 /e) in order to provide a nearly 
homogeneous radial laser intensity distribution across the 2-mm 
apertures of the drift region, so that the radial distribution of the 
ion beam would not affect the measured line strengths. A 
quadrupole deflector (42)  was still used to direct the ion beam 
either to F2 or to the Wien filter. Without the etalon, the overall 
sensitivity was reduced by more than a factor of 10. In general, 
absolute line strengths were measured with the SLS, while the 
relative intensities used for determining rotational and vibrational 
temperatures were measured with the etalon system. The relative 
line strengths for HN,' and HCO+ were measured by using both 
experimental configurations. 

The normally prohibitive aspect of determining the absolute 
intensities for molecular ion transitions has been accurate mea- 
surement of the ion density. In the DLASFIB experiment, such 
a measurement is possible. The average ion density inside the 
drift region can be expressed as 

1.432 X 1012(I,,/amp)(m/amu)1~2 

(r/cm),( Vb/voIts)'/' fi/ions cm-3 = ( 5 )  

where I," is the radially and longitudinally averaged current due 
to a particular species of mass m, and rand v b  are the drift region 
aperture radius and ion beam voltage, respectively. In determining 
the ion density, it was necessary to account for ions that diffuse 
out of the interaction volume while still in the drift region. This 
was done by measuring the current on the DR as well as that on 
F2 and averaging the ion currents at the entrance (Ienl) and exit 
( Iex )  of the drift region. Iex was simply that at F2, while rent was 
the sum on F2 and the DR, so that I,, = IF, + IDR/2. A mass 
spectrum was recorded for each line-strength measurement in order 
to assess the relative abundance of the species of interest. With 
an uncooled cold cathode discharge source operating at a pressure 
of 0.50 Torr of H, and N, (or CO) in a ratio of 4:1 and a discharge 
current of 3 mA, the fraction of HN2+ (or HCO+) varied between 
45 and 60%, with a 5% uncertainty on each run. Under typical 
conditions, an average ion current of 5 pA of HN2+ or HCO' was 
transported through 2-mm apertures of the drift region at  a vb 
of 3 kV, corresponding to an average ion density of 1.1 X 1 O7 ions 
~ m - ~ .  In order to demonstrate that the line-strength measurements 
were insensitive to the geometry of the ion optical system, the DR 
was divided into two sections (2.5 and 5.0 cm long) and the 
measurements were repeated. The consistency of line-strength 
values obtained for the two different DR sections (and for both 
of them together) under various ion beam conditions (e.g., vb)  
supported the validity of averaging the currents a t  the entrance 
and exit for the ion density determination and generally improved 
confidence in the measurements. 

For each observed transition, the velocity modulation scheme 
produces two distinct lines with opposite polarity, separated in 
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Figure 3. A trace of the R(9) line of the u I  band of HCOC using the SLS. 
Eight scans over 35 V (260 MHz) were averaged. There was 7.4 pA of 
HCO' (2.4 X atm), and the fractional absorption, Gaussian line 
width,  and line strength for this scan are 4.2 X lo-', 19 MHz, and 10.5 
cm-2 atm-I. 

voltage space by the peak-to-peak amplitude of the square wave 
voltage applied to the DR. The absorption signal was studied as 
a function of modulation frequency and transit time (V, and DR 
length) to confirm that no signal was lost from diminished 
modulation efficiency. The frequency roll-off of the detectors and 
preamplifiers was also taken into account. It is important to 
accurately determine the line shape in order to account for con- 
tributions from the wings to the integrated line strengths. The 
low signal-to-noise ratio obtained with the SLS precluded fitting 
the lines to Voigt profiles, but lines recorded with the etalon system 
configuration indicated the line shapes to be primarily Gaussian 
( a  = (In 2)1/2(AuL/AuG) = 0.31 (12)). Figure 1 shows a scan of 
the R(9) transition of the v1 band of HN2+ recorded with the etalon 
system and the calculated line shape using parameters derived 
from a least-squares fit of the data to a Voigt profile. For cal- 
culating S,f, the line widths obtained in terms of voltage were 
converted to frequency by using the expression in eq 4 to determine 
the tuning rate, (&,ff/dVb), which is a function of the ion mass 
and vb; for HN2+ at vb = 3 kV, it is about 7.5 MHz/V. For many 
absorption features measured with the etalon system, the integrated 
absorptions determined by using both Voigt and Gaussian fits5 
revealed that for these line shapes ( a  = 0.31 (12)), the Gaussian 
values were lower than the corresponding Voigt values by 12%. 
Since lines observed with the SLS could not be fit to Voigt profiles, 
which better represent the integrated absorptions, they were an- 
alyzed by using a Gaussian treatment and a 12% correction was 
added to Sif to account for the line shape. The predominant 
contribution to the line widths is probably the ion energy spread 
originating in the ion source and extraction, evidenced by the line 
widths (1.5-3.5 V/10-30 MHz) being mostly Gaussian and by 
their being approximately the same (in terms of voltage) for 
different V, and for ions of different masses (HN2+, HCO', H30+, 
NH4+, and H3+). For the absolute Sir measurements, the average 
ion densities (niOn) and fractional absorptions (ZS) were determined 
by using the SLS. The observed spectral lines, such as the one 
for HCO+ in Figure 3, were fit to a Gaussian profile by using a 
least-squares analysis to determine the fwhm and peak height for 
Iif and Sip Typically the strongest transition was used, which was 
R(9) for these ions produced in the uncooled discharge source. 
The line strengths for the R(9) lines were measured to be 31 (8) 
cm-2 atm-' for HN2+ and 12 (3) cm-2 atm-l for HCO+, at the 
1 u confidence level. These values incorporate the conversion of 

( 5 )  Armstrong, B. H. J .  Quant. Spectrosc. Radiat. Transfer 1967, 7 ,  61. 
Smith, M. A. H.; Rinsland, C. P.; Fridovich, B.; Rao, K. N. Intensities and 
Collision Broadening Parameters from Infrared Spectra. In Molecular 
Specfroscopy: Modern Research; Academic Press: New York, 1985; Vol. 
111. 

v1  fundamental 

R(9) 

Figure 4. Two scans covering 40 V (290 MHz), one showing the R(9) 
line for the u I  fundamental and the other for the R(9) of the u2 + u1 - 
u2 bending hot band of HN2*. The factor of 8 difference in the line 
strengths includes normalizations for laser power, number of scans, and 
finesse of the etalon at the different frequencies. This measurement 
yielded a vibrational temperature of 500 (50) K. 

ion current to number density at 273 K. 
In order to use Rif for determining S:, the rotational and 

vibrational temperatures were found by measuring the relative 
intensities of different vibration-rotation transitions. With the 
etalon system, T, was found to be 420 (30) K for both HN2+ and 
HCO+ produced with the uncooled discharge source. The same 
T ,  was observed by using the SLS for HN2+. The SLS was not 
sufficiently sensitive for observing the bending hot band (v2 + vI  
- u 2 )  of HN2+, so that the vibrational temperature (T,)  was 
assessed with the etalon system. The ratio of the intensities of 
the R(9) transition in the v 1  fundamental to that in the bending 
hot band for HN2+ was 8 (1) (Figure 4), which indicated a bending 
vibrational temperature of 500 (50) K. While the various degrees 
of freedom of the ions produced in the discharge are not necessarily 
well equilibrated, there is probably not appreciably more popu- 
lation in the higher vibrational modes than is accounted for with 
the vibrational partition function (Zyl )  using T, obtained from 
the u2 hot band observation. First, T, ( v 2 )  and T, are close, 
suggesting a considerable amount of equilibration between these 
degrees of freedom. Furthermore, these ions are predominantly 
produced by a simple proton exchange from H3+, such that no 
dramatic molecular rearrangement occurs that might otherwise 
lead to high vibrational excitation in the product as has been seen 
for other molecules produced in discharges (e.g., H C S  and 
NCO-).6 The v, fundamental as well as the bending hot band 
of HN2+ have been detected by using velocity modulation infrared 
laser spectroscopy' with much higher signal-to-noise ratios than 
is currently available with DLASFIB, and no other hot bands were 
observed in that work, indicating that the stretching modes were 
not significantly more excited than the bending mode. In the 
present work, ions are being extracted primarily from the negative 
glow region of the discharge, in which relatively low levels of 

( 6 )  Rosenbaum, N. H.; Owrutsky, J. C.; Saykally, R. J. J. Mol. Spectrosc. 
1989, 133, 365. Gruebele, M.; Polak, M.; Saykally, R. J. Chem. Phys. 1987, 
86, 663 1. 
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Phys. 1983, 78, 5837. Owrutsky, J. C.; Gudeman, C. S.; Martner, C. C.; 
Tack, L. M.; Rosenbaum, N. H.; Saykally, R. J. J. Chem. Phys. 1986, 84, 
605. 
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TABLE I: IR Band Intensities of Molecular Ions 
S,O, cm-* atm-' 

ion band expt theory 
HN2+ V I  1250 (300) 3220" 

2682b 
HCO' "I 430 (100) 751c 

890d 

Reference I O .  Reference 1 1. Reference 12. dReference 13 

excitation are expected. Since hot bands have not been observed 
for HCO', its T, has been assumed to be the same as that observed 
for HN2+; this assumption is supported by the similarity in their 
measured rotational temperatures and in their vibrational fre- 
quencies. From the T, and T, measurements, Z;' and Z;' were 
calculated by using the standard equations* and used to determine 
Rir, and subsequently S:. 

Given the determinations of Sir, T,, and T,. the infrared band 
strengths were calculated for HN2+ and HCO', assuming the 
Herman-Wallis factor F to be unity. The absolute intensities for 
the v l  bands are (to 1 u)  1250 (300) cm-2 atm-' for HN2+ and 430 
(100) cm-2 atm-' for HCO'. The largest contribution to the 
uncertainty is a result of the variation in Sir with extraction voltage 
( V e x ) .  The values measured for Sir over the range Vex = 0.5-4.0 
kV varied by a factor of 2, with higher Sif for lower Vex. The 
corresponding variations in T, (f100 K) were not large enough 
to compensate for the differences in Sir. The reproducibility in 
S: is closer to 10% with a particular set of conditions. The larger 
uncertainty quoted here accounts for possible systematic errors, 
principally those associated with Vex. 

Discussion 
The absolute IR band strength measurements presented for 

HN2+ and HCO' are the first reported for molecular ions by direct 
absorption spectroscopy techniques. Indirect vibrational lifetime 
measurements have been performed,' including recent work on 
excited bending ( v 2 )  states of these same ions: but there are no 

(8) Herzberg, G. Infrared Spectra and Molecular Structure II. Infrared 
and Raman Spectra; Van Nostrand Reinhold: New York, 1945. 

experimental values available for the v I  bands reported here. 
High-level a b  initio calculations for the vibrational frequencies 
and intensities have been reported for HN2+ by Kraemer et a1.I0 
and Botschwina," and for HCO+ by Rogers and Hillmanlz and 
Bot~chwina. '~  Our experimental values are lower than their 
theoretical counterparts by at least a factor of 2 for both molecules, 
as indicated in Table I, but the ratio of the values for HN2+ and 
HCO' (2.9 ( 5 ) )  is in excellent agreement with the predictions. 
Although the respective calculations published for the vI  bands 
of each molecule are close to each other, those for other modes 
exhibit larger discrepancies. Even within the same tre'atment, 
different basis sets and different levels of theory lead to intensity 
predictions for the same mode that can vary by as much as a factor 
of three.'*" 

It is possible that the experimental values we report involve 
additional systematic errors associated with population of higher 
vibrational states that was not accounted for, or with effects due 
to ion extraction or to the treatment of the line widths, although 
these factors have been carefully examined in the present work. 
Additional experiments designed to further investigate these 
problems are in progress, as is the extension of these measurements 
to other ions, including H30+ and NH4+. As absolute band 
strengths become available for more fundamental molecular ions, 
various other spectroscopic techniques can be used to directly 
monitor ion densities, in various environments, thus adding a new 
quantitative dimension to the spectroscopy of ions in the study 
of important chemical processes. 
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Energy relaxation after vibrational excitation with picosecond IR pulses is necessarily accompanied by an overall temperature 
change. Whereas translational, rotational, and vibrational motions equilibrate faster than 50 ps for many systems, the hydrogen 
bonds may respond more slowly. We report on picosecond temperature jump experiments of the system ethanol:CCI4:CH2Brz 
using infrared excitation (10-ps pump pulses) and subsequent relaxation of the antenna molecules CH2Br2. The time evolutions 
of the OH stretching band of ethanol (3320 cm-') serve as spectroscopic probes to monitor hydrogen-bond breaking. The 
spontaneous lifetime of ethanol hydrogen bonds is determined for the first time by time-resolved spectroscopy yielding T 

= 240 f 50 ps. 

Introduction 

Onance spectroscopy with independently tunable picosecond 
pulses.~.2 important application of this technique is the 
investigation of the dynamics of hydrogen bonds after ultrashort 

( I )  Graener, H.; Dohlus, R.; Laubereau, A. Chem. Phys. Lett. 1987, 140, 

( 2 )  Graener, H.; Ye, T. Q.; Laubereau, A. J .  Chem. Phys. 1989,90, 3413. 

excitation of the O H  or also C H  stretching modes. By use of the 

vibrational predissociation and partial reassociation of ethanol 
oligomers was for the first time observed on the picosecond time 
scale. Different values for the dissociation rates and quantum 
yields provided strong evidence for mode specifity of the IR 
photodissociation in the liquid solution at room temperat~re.~ An 

Recently, we have demonstrated the feasibility of double-res- O H  stretching frequencies as direct Probes of hydrogen bridges, 

306. 
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