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FTIR Emission Spectra, Molecular Constants, and Potential Curve
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Extensive new high-temperature, high-resolution FTIR emission spectroscopy measurements for the five common isot
pomers of GeO are combined with previous diode laser and microwave measurements in combined isotopomer analyses. N
Dunham expansion parameters and an accurate analytical potential energy function are determined for the groundX1S1

state. © 1999 Academic Press
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As one of the important oxides of group IVa eleme
ermanium monoxide (GeO) has been studied extens
oth theoretically (1–4) and in a variety of experiments, i
luding microwave spectroscopy (5, 6), chemiluminescenc
tudies of low-lying electronic states (7–9), photoelectron
pectroscopy (10), electronic absorption (11–13), and emissio
14) spectroscopy, and in matrix isolation (15, 16), and gas
hase infrared spectroscopy (17). Summaries of early spectr
copic work were reported by Capelle and Brom (9), Huber
nd Herzberg (18), and Żyrnicki (14).
The role of GeO in fabricating integrated optics (19) and

iGe alloy-based devices (20) has sparked a renewed inter
n spectroscopic studies of this molecule which would facili
ts use in providing diagnostics. However, the only exis
esults in the infrared region consist of matrix isolation m
urements (15, 16), which give approximate vibrational spa
ngs, and a set of accurate gas-phase diode laser measur
nvolving levelsv 5 0–6 (17). While the latter are of very hig
uality, they consist of only a modest number of lines span
limited range of vibrational and rotational energies.
Fourier transform infrared emission spectroscopy is a u
eans of studying the vibration–rotation spectra of uns

pecies such as GeO (21). The high sensitivity and continuo
overage of a wide wavenumber range are major facto
aking this technique useful (21). This paper reports th

esults of high-temperature FTIR emission spectroscopy
es of the five common isotopomers of the germanium o

olecule. The results for all five isotopomers are comb
ith earlier microwave (5, 6) and diode laser measureme

17) and treated simultaneously in two types of analyses:
onventional Dunham analysis with isotopomer mass sc
hich allows for the presence of atomic mass-dependent B

Supplementary data for this article may be found on the journal home
http://www.academicpress.com/jms).
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ppenheimer breakdown terms, and (ii) a “direct potentia
nalysis which yields an analytic potential energy curve fo
ystem, and again allows for Born–Oppenheimer breakd
erms.

II. EXPERIMENTAL

The high-resolution infrared emission spectra of GeO w
btained in emission with the experimental setup shown in
. The main components of the system are a Bruker
20-HR high-resolution FT spectrometer, a commercial
apid Temp furnace, a 1.2-m long ceramic tube cell
ater-cooled end windows, gas lines, a vacuum pump,
ressure-monitoring meters. To obtain the most intense s
ossible, appropriate cell windows, beamsplitter, and det
ust be chosen for the wavenumber region in question. I
resent experiment, a KRS-5 (thallium bromoiodide) end
ow, a KBr beamsplitter, and a liquid helium-cooled bor
oped Si detector were used.
Five grams of germanium powder (Aldrich) containing

ve naturally occurring stable isotopes was placed in the
ith the cell sealed, overnight pumping was carried out

emperature of about 200°C to remove impurities (espec
ater vapor) from the cell. Germanium has a melting poin
34°C. Intensive emission is expected above this temper
nd more ro-vibrational transitions are expected at higher
eratures. With the furnace at its maximum working temp

ure of 1500°C, 2 Torr of oxygen gas and 18 Torr of ar
uffer gas were let into the cell. The valves connected to
ell were kept nearly closed to maintain a high concentratio
eO molecules while minimizing the concentration of in

ering species.
To obtain a survey spectrum in a relatively short time (a
inutes), the spectrometer was first set to a resolution of

m21, and 10 scans were co-added. A high-intensity spec
onsisting of clearP andR branches with sets of evenly spac

ge
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ines in the region 800–1100 cm21 appeared and was identifi
s being due to GeO by comparisons with the line posi
btained in the diode laser experiment of Thompsonet al.(17).
higher resolution spectrum was then recorded by settin

pectrometer resolution to 0.006 cm21 and increasing the num
er of scans to 30. It took about an hour to complete
ecording and the Fourier transform computation. Ano
pectrum was recorded in the same way and the two
dded together to reduce the noise and obtain the final

rum, which is shown in Fig. 2.

III. RESULTS: MEASUREMENT AND ASSIGNMENT
OF SPECTRAL LINES

The five naturally occurring stable isotopes of german
ave relative abundances of 35.9% (74Ge), 27.7% (72Ge),
1.2% (70Ge), 7.7% (73Ge), and 7.4% (76Ge), respectively (22).
lthough there are three naturally occurring oxygen isoto

6O is overwhelmingly dominant (99.8% abundance) (22) and
s the only one observed here. Therefore, only five isotopo
f the GeO species were observed in this work.
The ro–vibrational line positions in the spectrum were m

ured using J. Brault’s computer program PC/DECOMP (23).
t determines the center of a line by fitting its profile to a Vo

FIG. 1. Schematic diagram of the experimental setup.

FIG. 2. Overview of the high-temperature FTIR emission spectrum
eO.
Copyright © 1999 by
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ineshape function, which is a convolution of Gaussian
orentzian functions (24).
A Loomis–Wood program (25) and a plot of the spectru
ere used to help identify the lines belonging to a given b
he diode–laser data (17) served as a guide for identifying a
ssigning the main bands of the five isotopomers, and
ethod of combination differences was used to confirm t
ssignments. Hot bands were identified and assigned by
redictions made from the molecular constants derived

he least-squared fitting of the fundamental bands and an
ands already identified for each isotopomer.
A total of 1228P andR lines were assigned in the first eig

v 5 21 sequence bands of the74GeO isotopomer, 1223 line
n the (1–0) to (8–7) bands of72GeO, 1029 in the (1–0) t
7–6) bands of70GeO, 789 lines in the (1–0) to (6–5) bands
3GeO, and 848 lines in the (1–0) to (7–6) bands of76GeO.
ome lines were obscured by absorption due to residua
urities such as water vapor and GeH4, and many other line
re blended; this is illustrated by the segment of the
pectrum shown in Fig. 3. For the unblended FTIR data us
he present analysis, the line position uncertainties were
ated to be ca. 0.002 cm21.
Data from the diode laser experiments of Thompsonet al.

17) (average uncertainty 0.00055 cm21) were taken as th
alibration standard. Some 90 matching transitions from
easured FTIR spectrum and the diode–laser experiment

tted to the expressionnDL(i ) 5 A 3 nFT(i ), wherenDL(i ) are
he diode–laser data andnFT(i ) the measured FTIR transitio
requencies used to determine the calibration factorA 5
.000001869. Alist of all the measured FTIR lines (aft
alibration) and their residuals from the combined isoto
irect potential fit analysis (see Section IV) are available f

he authors or from the Journal’s home page. An overvie
he extent and range of the three types of data used i
resent analysis is presented in Table 1.

f

FIG. 3. Segment of the high-temperature FTIR emission spectrum of
sotopomers showing assignments for transitions in theR branches of the
undamental bands.
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IV. ANALYSIS

. Combined Isotopomer Dunham-Type Analysis

In all of the fits reported herein, the observed transi
nergies were weighted by the inverse square of their u

ainties, and the quality of fit is indicated by the value
imensionless standard error

s# f 5 H 1

N 2 M O
i51

N Fycalc~i ! 2 yobs~i !

u~i ! G 2J 1/ 2

, [1]

here each of theN experimental datayobs(i ) has an unce
ainty of u(i ), andycalc(i ) is the value of datumi predicted by
he M parameter model being fitted. All parameter uncert
ies quoted here are 95% confidence limit uncertainties, an
tomic masses used in the combined isotope analysis

aken from the 1993 mass table (26).
The first stage of the analysis consisted of fitting to sep
unham expansions for each isotopomer. In all cases

esidual discrepancies were comparable to the experim
ncertainties (s# f , 1), and the internal consistency of the
howed that there were no misassignments or anomal
hese data sets. However, the total number of indepe
arameters required to represent the data for the five i
omers (53 11 5 55) was rather large.
To simplify the representation of these data sets an

earch for physically interesting information about Born–
enheimer breakdown effects, all of the 5117 FTIR lines
8 diode laser measurements (17), and the 12 microwave da
5, 6) for the five isotopomers were simultaneously fitted
ombined isotopomer Dunham-type expression for the
nergies. Following Ref. (27), observed transitions for isot
omera of speciesA–B formed from atoms of massMA

a and

B
a were expressed as differences between level energies

en as

Overview of GeO (X1S1) Dat
Isotopom
Copyright © 1999 by
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Ea~v,J! 5 O
~l,m!Þ~0,0!

Yl,m
1 Sm1

ma
Dm1l/ 2

~v 1
1
2
! l@ J~ J 1 1!#m

1 O
~l,m!$~0,0!

HDMA
a

MA
a d l,m

A 1
DMB

a

MB
a d l,m

B J
3 Sm1

ma
Dm1l/ 2

~v 1
1
2
! l@ J~ J 1 1!#m,

[2]

here DMA
a 5 MA

a 2 MA
1, and a 5 1 identifies a selecte

eference species, in this case, the most abundant isotop
4Ge16O. This expression is equivalent to the familiar Ro
ng–Kildal–Bunker–Watson (28–30) expansion, except th

he Born–Oppenheimer and JWKB breakdown terms ar
luded as additive rather than multiplicative corrections an
eference species (isotopomera 5 1, 74Ge16O) is a real phys
cal molecule. The conventional Dunham constants for otha

1) isotopomers are generated from

Yl,m
a 5 HYl,m

1 1
DMA

a

MA
a d l,m

A 1
DMB

a

MB
a d l,m

B JSm1

ma
Dm1l/ 2

. [3]

ther advantages of this expansion are discussed else
27).

The complete five-isotopomer data set was fitted to Eq
sing program DSParFit (27), which simplifies the resultin
arameters by applying the sequential rounding and refi
rocedure described in Ref. (31). This yielded the molecula
onstants given in the first column of Table 2. The lead
ibrational Born–Oppenheimer breakdown correction co
ient seen there yields a small improvement in the quality
nd is moderately well determined.
For the user’s convenience, the Dunham parameters fo
inority isotopomers generated by substituting the fitted

ameters of column 1 into Eq. [3], rounded at the first digi
he parameter sensitivity (31), are shown in the last fou
olumns of Table 2. More significant digits are required
epresent these derived constants adequately, as the co
ating changes associated with the sequential rounding

sed in the Present Combined
Analysis
a U
er
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efitting procedure do not come into play. The results in the
ow of this table show that the rounded constants gene
rom the 74Ge16O parameters determined from the combi
sotopomer analysis reproduce the input data for the indiv

inority isotopomers with no significant loss of precision.

. Combined Isotopomer Direct Potential Fit Analysis

As a more compact and more physically significant alte
ive to the Dunham-type analysis reported above, all dat
he various isotopomers of a given species were also
irectly to eigenvalue differences numerically calculated f

he effective radial Schro¨dinger equation

2
\2

2m

d2

dR2 1 Vad
a ~R! 1

\2J~ J 1 1!

2mR2

3 @1 1 qa~R!# 2 Ev,JJcv,J~R! 5 0,

[4]

here the effective adiabatic potential for isotopomera is
ritten as that for the most abundant isotopomer (a 5 1 again

efers to 74Ge16O) plus atomic mass-dependent (adiaba
otential correction functions

Vad
a ~R! 5 Vad

1 ~R! 1
DMA

a

MA
a DVad

A ~R! 1
DMB

a

MB
a DVad

B ~R! [5]

nd the (nonadiabatic) effective centrifugal distortion cor
ion function is

Parameters for X1S1 State GeO (all
Diode Laser, and Mic

Note.The numbers in parentheses are the 95
shown.
Copyright © 1999 by
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-

qa~R! 5
MA

1

MA
a qA~R! 1

MB
1

MB
a qB~R!. [6]

lthough they depend on the choice of reference isotopo
oth the potential correction functionsDVad

A,B(R) and the cen
rifugal correction functionsqA,B(R) are isotopomer indepe
ent (27). The above description is equivalent to the Ham
ian discussed by Watson (32, 30) and used in numerou
ractical analyses (33–36), except that the reference poten
ere is the actual effective adiabatic potential for a real iso
olecular species (here74Ge16O), rather than the theoretic

clamped nuclei” potential obtained in the lowest order ver
f the Born–Oppenheimer separation (37, 38). Further discus
ion of this representation of the effective radial potential
e found in Ref. (27).
In the present work, the effective adiabatic potential for

ominant isotopomer was represented by the “expanded M
scillator” (EMO) function

Vad
1 ~R! 5 De$1 2 e2b~ z!~R2Re!%2, [7]

here z [ (R 2 Re)/(R 1 Re) and both b( z) and the
ass-dependent potential and centrifugal correction func
re simple power series inz

b~ z! 5 O
j50

b jz
j [8]

DVad
A 5 O

j51

uj
Azj, DVad

B 5 O
j51

uj
Bzj [9]

m21) Obtained by Fitting all FTIR,
ave Data to Eq. [2]

onfidence limit uncertainties in the last significant digits
in c
row

% c
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qA~R! 5 O
j50

qj
Azj, qB~R! 5 O

j50

qj
Bzj. [10]

n these expansions, the units of all {b j} coefficients are Å21,
hose of the {uj

A} and {uj
B} coefficients are cm21, and the

qj
A} and {qj

B} expansion coefficients are all dimensionle
The numerical integration of Eq. [4] was performed on

nterval 0.2 Å $ r $ 13.0 Å with a grid spacing of 0.000
. This sufficed to ensure that the eigenvalues used in th
ere converged to better than 0.000001 cm21 for levels ob-
erved with the microwave data (v 5 0 and 1) and to bette
han 0.0001 cm21 for levels seen in the infrared (v # 8).

The highest observed levels included in the present ana
ie approximately 7600 cm21 above the potential minimum. A
his is less than1

7
of the reported ground state dissociat

nergy, in the present analysisDe was fixed at the literatur
alue of 55 200 (6700) cm21 (39).
As in the Dunham-type parameter fits of Section IV.A
as found that inclusion of Born–Oppenheimer breakd
Vad

A,B or qa(R) functions had only a modest effect on
alue ofs# f , and only the leading term in the Ge–atom poten
orrection function could be determined with any significa
owever, as with the present Dunham-type analysis, this i
f the first heavy metal systems for which such atomic m
ependent correction terms have been determined.
The results of this direct potential fit analysis are sum

ized in Table 3. As is seen there, the quality of fit is essent
dentical to that obtained from the parameter-fit analysis o
2] and Table 2, except that the potential-fit analysis requ
ignificantly fewer parameters (7 instead of 12). Again,

Parameters of EMO Potential for
Ground State GeO Obtained on Directly
Fitting to All (Multiple Isotopomer)
FTIR, Diode Laser, and Microwave
Data

a De was fixed at the thermochemically deter-
mined value (37).
Copyright © 1999 by
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arameters are rounded without loss of precision using
equential rounding and refitting procedure of Ref. (31).
While the quality of fit is essentially the same in the Dunh

nd direct potential fit analyses, the latter is to be preferre
wo reasons. The first is that the resulting potential en
unction is quantum mechanically accurate, while a pote
unction determined by the RKR method from the Dunh
onstants of Table 2 would only be as accurate as the first-
WKB approximation. The second is that this quantum
hanical potential should yield reliable predictions for v
arge J (40), while long J extrapolations with empirical mo
ecular constants such as those in Table 2 are notori
nreliable.
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