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Extensive new high-temperature, high-resolution FTIR emission spectroscopy measurements for the five common isoto-
pomers of GeO are combined with previous diode laser and microwave measurements in combined isotopomer analyses. New
Dunham expansion parameters and an accurate analytical potential energy function are determined for thé'ground
state. © 1999 Academic Press

I. INTRODUCTION Oppenheimer breakdown terms, and (ii) a “direct potential fit
analysis which yields an analytic potential energy curve for th

As one of the ir_nportant oxides of group Iva elements_,,ystem, and again allows for Born—Oppenheimer breakdow
germanium monoxide (GeO) has been studied extensivelyyms.

both theoretically I-4) and in a variety of experiments, in-
cluding microwave spectroscop¥,(6), chemiluminescence
studies of low-lying electronic states<9), photoelectron Il. EXPERIMENTAL
spectroscopyl(0), electronic absorptiorl—13, and emission
(14) spectroscopy, and in matrix isolatiods, 16, and gas-  The high-resolution infrared emission spectra of GeO wer
phase infrared spectroscopy7]. Summaries of early spectro-obtained in emission with the experimental setup shown in Fi
scopic work were reported by Capelle and Bro®), Huber 1. The main components of the system are a Bruker IFS
and Herzberg8), and Zrnicki (14). 120-HR high-resolution FT spectrometer, a commercial CN
The role of GeO in fabricating integrated optickd( and Rapid Temp furnace, a 1.2-m long ceramic tube cell witf
SiGe alloy-based deviceg@) has sparked a renewed interestvater-cooled end windows, gas lines, a vacuum pump, ar
in spectroscopic studies of this molecule which would facilitaggressure-monitoring meters. To obtain the most intense sigr
its use in providing diagnostics. However, the only existingossible, appropriate cell windows, beamsplitter, and detect
results in the infrared region consist of matrix isolation meanust be chosen for the wavenumber region in question. In tf
surementsk5, 16, which give approximate vibrational spacpresent experiment, a KRS-5 (thallium bromoiodide) end win
ings, and a set of accurate gas-phase diode laser measurentaws a KBr beamsplitter, and a liquid helium-cooled boron:
involving levelsv = 0—6 (17). While the latter are of very high doped Si detector were used.
guality, they consist of only a modest number of lines spanningFive grams of germanium powder (Aldrich) containing the
a limited range of vibrational and rotational energies. five naturally occurring stable isotopes was placed in the cel
Fourier transform infrared emission spectroscopy is a usefMith the cell sealed, overnight pumping was carried out at
means of studying the vibration—rotation spectra of unstalimperature of about 200°C to remove impurities (especial
species such as Ge@1). The high sensitivity and continuouswater vapor) from the cell. Germanium has a melting point o
coverage of a wide wavenumber range are major factors984°C. Intensive emission is expected above this temperatu
making this technique useful2). This paper reports the and more ro-vibrational transitions are expected at higher ter
results of high-temperature FTIR emission spectroscopy stymratures. With the furnace at its maximum working tempere
ies of the five common isotopomers of the germanium oxidere of 1500°C, 2 Torr of oxygen gas and 18 Torr of argor
molecule. The results for all five isotopomers are combindwmliffer gas were let into the cell. The valves connected to th
with earlier microwave &, 6) and diode laser measurementsell were kept nearly closed to maintain a high concentration ¢
(17) and treated simultaneously in two types of analyses: ()& O molecules while minimizing the concentration of inter-
conventional Dunham analysis with isotopomer mass scalifgying species.
which allows for the presence of atomic mass-dependent Born-To obtain a survey spectrum in a relatively short time (a fev
minutes), the spectrometer was first set to a resolution of 0.

_l . . .
Supplementary data for this article may be found on the journal home pag > and 10 scans were co-added. A high-intensity spectru
(http://www.academicpress.com/jms). consisting of cleaP andR branches with sets of evenly spaced

197

0022-2852/99 $30.00
Copyright © 1999 by Academic Press
All rights of reproduction in any form reserved.



198 LEE ET AL.

45 47 49
-=- coolant ﬂ "Ge0
200! 43 45
- oven Bruker IFS 120 HR G0 38 | 40l
"Geo |43 49 l41
%GeO 49 51 53

- reaction gases \ ‘ I
—to vacuum pump

FIG. 1. Schematic diagram of the experimental setup. ‘

lines in the region 800—1100 cmappeared and was identified ‘ \J d

as being due to GeO by comparisons with the line positions uw U U’LJ
obtained in the diode laser experiment of Thompsbal. (17). 10'15 ‘ ! 10‘16 b 10'17 : — 10J18
A higher resolution spectrum was then recorded by setting the v/em!
spectrometer resolution to 0.006 cirand Increasing the num- FIG.3. Segment of the high-temperature FTIR emission spectrum of Ge
ber of_scans to 30. It tQOk about an hour to (_:omplete ﬂi‘b%topomers showing assignments for transitions inRhieranches of their
recording and the Fourier transform computation. Anoth@hdamental bands.

spectrum was recorded in the same way and the two were

added together to reduce the noise and obtain the final sp,

trum, which is shown in Fig. 2.

I?ﬁéshape function, which is a convolution of Gaussian an
Lorentzian functionsZ4).

A Loomis—Wood program25) and a plot of the spectrum
were used to help identify the lines belonging to a given ban
The diode—laser datd 7) served as a guide for identifying and

The five naturally occurring stable isotopes of germaniufi$Si9Mng the main bands of the five isotopomers, and
have relative abundances of 35.9%Ge), 27.7% (:Ge), method of combination differences was used to confirm thos

21.2% (°Ge), 7.7% (3Ge), and 7.4%€Ge), respectivelyZ?). assignments. Hot bands were identified and assigned by usi

Although there are three naturally occurring oxygen isotop ’edictions made f'ro.m the molecular constants derived froi
160 is overwhelmingly dominant (99.8% abundanc2g)(and the least-squared fitting of the fundamental bands and any t

is the only one observed here. Therefore, only five isotopomé’t%nds already identified for each isoto.pomer.. . .
of the GeO species were observed in this work. A total of 1228P andR lines were assigned in the first eight

The ro—vibrational line positions in the spectrum were me&Y = —1 séquence bands of thi&GeO isotopomer, 1223 lines

sured using J. Brault's computer program PC/DECONg).( N the (1-0) to (8-7) bands dfGeO, 1029 in the (1-0) to
It determines the center of a line by fitting its profile to a Voigg_G) bands 0f*GeO, 789 lines in the (1-0) to (6-5) bands of
GeO, and 848 lines in the (1-0) to (7—6) bands @@eO.

Some lines were obscured by absorption due to residual ir
purities such as water vapor and Gegldnd many other lines
are blended; this is illustrated by the segment of the Ge!
spectrum shown in Fig. 3. For the unblended FTIR data used
the present analysis, the line position uncertainties were es
mated to be ca. 0.002 cm.

Data from the diode laser experiments of Thompsorl.
(17) (average uncertainty 0.00055 c) were taken as the
calibration standard. Some 90 matching transitions from th
measured FTIR spectrum and the diode—laser experiment we
fitted to the expression,, (i) = A X ve(i), wherevp, (i) are
the diode—laser data ang(i) the measured FTIR transition
frequencies used to determine the calibration faddor=
1.000001869. Alist of all the measured FTIR lines (after

I1l. RESULTS: MEASUREMENT AND ASSIGNMENT
OF SPECTRAL LINES

x T A N AT B ... calibration) and their residuals from the combined isotope

850 900 950 1000 1050 direct potential fit analysis (see Section V) are available fron

v/cm' the authors or from the Journal’s home page. An overview c

FIG. 2. Overview of the high-temperature FTIR emission spectrum df€ extent and range of the three types of data used in tl
GeO. present analysis is presented in Table 1.
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TABLE 1
Overview of GeO (X'X*) Data Used in the Present Combined
Isotopomer Analysis

FTIR data diode laser data microwave data
isotopomer abundance Vmar Jmar TINES  Vmaw Jmae THNES  VUmaw Jmap Tlines
0Gel80 21.2% 7 100 1029 5 82 19 1 0 2
2Ge1%0 27.1% 8 103 1223 6 80 27 1 0 2
3Ge'%0 7.7% 6 90 789 4 80 15 0 0 1
4Ge %0 35.9% 8§ 110 1228 6 79 25 2 0 5
5Gel%0 7.4% 7 91 848 5 78 12 1 0 2

IV. ANALYSIS i m+1/2 L
E“(v,J))= > Yll,m<) (v+2) I3+ D]
A. Combined Isotopomer Dunham-Type Analysis (m#©0 ‘
AMS AME
In all of the fits reported herein, the observed transition + X { M 8 + VE SEm} (2]
energies were weighted by the inverse square of their uncer- (.m=0.0 " °
tainties, and the quality of fit is indicated by the value of )™ N N
dimensionless standard error X (M) (v+)IQ+ DI

o 1a whereAMS = M% — M%, anda = 1 identifies a selected
Veari) — yobs(i)] ] reference species, in this case, the most abundant isotopon
, (1]

a0 74Ge'®0. This expression is equivalent to the familiar Ross-
Eng—Kildal-Bunker—Watson28—-30) expansion, except that
the Born—Oppenheimer and JWKB breakdown terms are it
cluded as additive rather than multiplicative corrections and tt

where each of thé& experimental datg,,{i) has an uncer- reference species (isotopomer= 1, "*Ge'®0) is a real phys-

tainty of u(i), andy.di) is the value of datun predicted by ical molecule. The conventional Dunham constants for otfer (

the M parameter model being fitted. All parameter uncertains 1) isotopomers are generated from

ties quoted here are 95% confidence limit uncertainties, and the

atomic masses used in the combined isotope analysis were AMS AMS e\ ™2

taken from the 1993 mass tabl26]. Yim = {Yﬁm e 8t + ™E Sﬁm} () . [3]

The first stage of the analysis consisted of fitting to separate A ® o
Dunham expansions for each isotopomer. In all cases,
residual discrepancies were comparable to the experime

uncertainties ¢ < 1), and the internal consistency of the fits “The complete five-isotopomer data set was fitted to Eq. [

showed that there were no misassignments or gnomahe g?ng program DSParFi2), which simplifies the resulting
these data sets. However, the total number of independgaiameters by applying the sequential rounding and refittir
parameters required to represent the data for the five ISOfP5cedure described in ReB). This yielded the molecular
pomers (5x 11 = 55) was rather large. constants given in the first column of Table 2. The leading
To simplify the representation of these data sets and \fhrational Born—Oppenheimer breakdown correction coeff
search for physically interesting information about Born-ORsient seen there yields a small improvement in the quality of f
penheimer breakdown effects, all of the 5117 FTIR lines, thg is moderately well determined.
98 diode laser measuremenis), and the 12 microwave data For the user's convenience, the Dunham parameters for t
(5, 6) for the five isotopomers were simultaneously fitted to @inority isotopomers generated by substituting the fitted pe
combined isotopomer Dunham-type expression for the lev@imeters of column 1 into Eq. [3], rounded at the first digit o
energies. Following Ref.2(7), observed transitions for isoto-the parameter sensitivity3{), are shown in the last four
pomera of speciesA-B formed from atoms of maddl; and columns of Table 2. More significant digits are required tc
Mg were expressed as differences between level energies wigpresent these derived constants adequately, as the comg
ten as sating changes associated with the sequential rounding a

1
&f:{N—ME

i=1

er advantages of this expansion are discussed elsewh
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TABLE 2

Parameters for X'3* State GeO (all in cm~*) Obtained by Fitting all FTIR,
Diode Laser, and Microwave Data to Eq. [2]

All-isotopomer Fit Generated from the "*Ge!®0 constants and Eq.(3)

constant ™Gel%0 Gel80 2Gel0 BGeltO Ge0
Yio 986.4928 (3) 991.49599 088.92884 987.69264 984.17822
Yo —4.47014 (15) —4.515593 —4.492242  —-4.481019 —4.44919
10* Yg 4.65(3) 4.7211 4.6845 4.6670 4.6173
10% Yqo —0.010(2) —0.0102 —0.0101 —0.01005 —0.00991
Yo 0.4856974 (2) 0.49063606  0.4880989  0.48687949  0.48342112
10* Yy, —30.7832(8) —31.25390 -31.01179  —30.89565 —30.56705
10* Yy, 0.01261 (22) 0.012868 0.012735 0.012671 0.012492
10* Yj, —0.00009 (2) —0.0000923  —0.0000911 —0.0000905  —0.0000889
10° Yo —47.086 (13) —48.048 —47.553 —47.315 —46.646
10% Y, —0.0617 (7) —0.06328 —0.06247 —0.06208 —0.06098
10 Y4 —-8.(1) -8.2 -8.1 -8.1 -7.9
a%s —0.008 (2) - - - -
No. of data 5227 1050 1252 805 862
No. parameters 12 0 0 0 0
Ty 0.800 0.771 0.731 0.871 1.006
Note. The numbers in parentheses are the 95% confidence limit uncertainties in the last significant digits
shown.
refitting procedure do not come into play. The results in the last M3 M3
row of this table show that the rounded constants generated q(R) = M da(R) + VE ds(R). (6]

from the ““Ge'®0O parameters determined from the combined

isgtoppm_er analysis reproduce_thg qnput data for the .in.diViduﬁllthough they depend on the choice of reference isotopome
minority isotopomers with no significant loss of precision. both the potential correction functions/2E(R) and the cen-
trifugal correction functions|, g(R) are isotopomer indepen-
dent 7). The above description is equivalent to the Hamilto-
As a more compact and more physically significant alternatan discussed by Watsor8Z, 30 and used in numerous
tive to the Dunham-type analysis reported above, all data foractical analyses3@—36, except that the reference potential
the various isotopomers of a given species were also fittbdre is the actual effective adiabatic potential for a real isotop
directly to eigenvalue differences numerically calculated fromolecular species (heréGe'°0), rather than the theoretical

B. Combined Isotopomer Direct Potential Fit Analysis

the effective radial Sclichnger equation “clamped nuclei” potential obtained in the lowest order versiol
of the Born—Oppenheimer separati@®Y{( 38. Further discus-
K2 2 72(J + 1) sion of this representation of the effective radial potential ma
{ T 2u dR + VadR) + TouRE be found in Ref. 27).
[4] In the present work, the effective adiabatic potential for th
W B _ dominant isotopomer was represented by the “expanded Mor
X [1+9(R)] E"J} s(R) =0, oscillator” (EMO) function
where the effective adiabatic potential for isotopomaeiis Vi(R) = D1 — e FIRR)2 [7]

written as that for the most abundant isotopomer< 1 again

refers to "“Ge*®0) plus atomic mass-dependent (adiabatisyherez = (R — R,)/(R + R,) and bothB(z) and the

potential correction functions mass-dependent potential and centrifugal correction functiol
are simple power series in

s(R) = Vay(R) + M3 AVL(R) + AMS AVE(R) [5 j
ad = Vad M3 ad M3 ad [5] B(2) = E Bz [8]
j=0
and the (nonadiabatic) effective centrifugal distortion correc- AVE = D Uz, AVE = uPZ [9]
tion function is j=1 =1

Copyright © 1999 by Academic Press
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TABLE 3
Parameters of EMO Potential for
Ground State GeO Obtained on Directly
Fitting to All (Multiple Isotopomer)
FTIR, Diode Laser, and Microwave
Data

parameters are rounded without loss of precision using tt
sequential rounding and refitting procedure of R8t)(

While the quality of fit is essentially the same in the Dunhan
and direct potential fit analyses, the latter is to be preferred f
two reasons. The first is that the resulting potential energ
function is quantum mechanically accurate, while a potentic

Parameter Ge't0O function determined by the RKR method from the Dunhan
D./em™! 55200. (700)° constants of Table 2 would only be as accurate as the first-orc
R./A 1.6246451 (3) JWKB approximation. The .secondl is that th?s .quantum me
Bo/ A1 1.85418749 (38) chanical potentllal should yield rellgble p.red|ct|or1.s for very
B/ A ~0.24733 (5) large J (40), while longJ extrapola‘gons with empirical mo-
B8, A 0.9872(2) lecular constants such as those in Table 2 are notorious
Bs) A 2.933(17) unreliable.

B/ A 42(1)

u$¢ [ cm™! —3.6(7) ACKNOWLEDGMENTS
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2D, was fixed at the thermochemically deter-
mined value 87).
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